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1y$1ne-23  ((FITC-N*-lys1ne-23)-a-tox1n)  with  the  acetylcholine  receptor.  He 
show  that  when  a-toxln  binds  to  the  recepto;*,  the  region  around  the  lyslne-23 
and  a-toxln  Is  completely  accessible  to  soluble.  As  more  slte-speclflcally 
labeled  toxins  are  prepared.  It  will  be  possible  to  obtain  a  clearer  picture 
of  the  disposition  of  the  a-toxln  molecule  on  the  surface  of  the  receptor. 
Section  II  summarizes  the  characterization  of  the  Interaction  of  a  novel 
decamethonlua  hoaolog,  decldlua,  with  the  acetylcholine  receptor.  Measurement 
of  the  Inhibition  of  the  Initial  rate  of  (  i|-a-tox1n  binding  to  Torpedo 
callfomlca  electroplax  membranes  and  BC3H-I  cells.  Inhibition  of  carbachol- 
stlauVated  Ka  Influx  Into  BC3H-1  cells.  Inhibition  of  (  H| -phencyclidine 
binding  to  Torpedo  membranes,  and  fluorescence  spectroscopy  are  utilized  In 
these  analyses/  Decldlua  Is  shown  to  bind  to  both  the  agonist/antagonist  and 
noncompetitive  blocking  binding  sites  on  the  surface  of  the  receptor  and  to 
display  specific  spectral  shifts  associated  with  the  Interaction  with  each 
class  of  drug  binding  site.  Fluorescence  energy  transfer  studies  between 
decldlua  and  |FITC-Ns-1ys1ne-23|-a-tox1n  Indicate  some  proximity  between  the 
a-toxln  binding  sites  and  the  lipid  bilayer.  Section  III  summarizes  our 
progress  In  slte-speclflcally  labeling  a-toxln  with  FITC,  erythrosln  Isothio¬ 
cyanate  (EITC) ,  and  tetramethylrhodaalne  Isothiocyanate  (TRITC).  Utilizing 
new  high  resolution  Isoelectric  focusing  techniques.  It  should  be  possible  to 
Isolate  seal  preparative  quantities  of  slte-speclflcally  labeled  a-toxin$. 
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SUMMARY 


— ^>Th1s  report  described  the  development  of  fluorescent  probes  of  the  nico¬ 
tinic  acetylcholine  receptor  and  their  use  In  an  analysis  of  drug  and  a-toxln 
Interaction  with  the  acetylcholine  receptor.  Section  I  develops  a  new  theo¬ 
retical  framework  with  which  to  use  fluorophores  on  the  surface  of  macro- 
molecules.  This  framework  Is  utilized  in  an  analysis  of  the  Interaction  of 
fluorescein  1soth1ocyanates^FTTt)-»it-Tysfne-23-a'nox1n  with  the  acetylcholine 
I  receptor.  We  show  that  when  a-toxln  binds  to  the  receptor,  the  region  around 
*  /tffiHj- toxin's  lysine  23  Is  completely  accessible  to  the  solute.  As  more  slte- 
specifically  labeled  toxins  are  prepared.  It  will  be  possible  to  obtain  a 
clearer  picture  of  the  disposition  of  the  a-toxln  molecule  on  the  surface  of 
the  receptor.  Section  II  summarizes  the  characterization  of  the  interaction 
of  a  novel  decamethonlum  homolcg,  decldlum,  with  the  acetylcholine  receptor. 
Decldlum  1$  shown  to  bind  to  both  the  agonist/antagonist  and  noncompetitive 
blocking  binding  sites  on  the  surface  of  the  receptor  and  displays  specific 
spectral  shifts  associated  with  the  Interaction  with  each  class  of  drug 
binding  site.  Fluorescence  energy  transfer  studies  between  decldlum  and  FITC- 
s  ~M<-lys1ne-23“a^tox1n  Indicate  some  proximity  of  the "5- toxin  binding  sites  and 
\tnel1p1db1 layer.  Section  III  suamarlzes  our  progress  In  slte-speclf leal ly 
labeling^- toxin  with  FITC,  erythrosln  Iso  thiocyanate  (EITC),  and  tetrame- 
thylrhodamlne  Isothiocyanate  (TRITC).  Utilizing  new  high  resolution  Isoelec¬ 
tric  focusing  techniques.  It  should  be  possible  to  Isolate  semipreparative 
quantities  of  site-specifically-labeled  m^toxlns. 
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In  conducting  the  research  described  In  this  report,  the  Investigators 
adhered  to  the  "Guide  For  the  Care  and  Use  of  the  Laboratory  Animals,"  pre- 
pared  by  the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute 
of  Laboratory  Animal  Resources,  National  Research  Council  (OHEW  Publication 
No.  (NIH)  78-23,  Revised  1978). 
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BACKGROUND 


At  the  Molecular  level.  Investigations  Into  the  mechanism  of  action  of 
acetylcholine  at  the  neuroauscular  junction  have  focused  aalnly  on  a  unique 
neuroeffector  junction.  This  junction  Is  the  actor  endplate  of  the  electro- 
plax  froa  Electrophorus  electrlcus  or  the  various  species  of  Torpedo  and 
Narclne.  Electropl axes  have  been  studied  because  of  their  exceptional  rlch- 
nessln  nicotinic  synapses.  Pharmacologically,  the  electroplaxes  respond  much 
like  neuroauscular  endplates  to  cholinergic  agents  and,  consequently,  are 
considered  to  be  an  excellent  aodel  of  aanaallan  nicotinic-neuromuscular 
synapses  1 1-31  - 

Isolated  aeabrane-bouna  receptors  froa  the  electropl ax  have  been  shown  to 
undergo  Multiple  conformational  changes  upon  agonist  and  aotaphlllc  antagonist 
binding.  These  transitions  have  been  compared  to  the  transitions  between 
resting  and  desensitized  states,  between  resting  and  open  channel  states,  and 
between  open-channel  and  desensitized  states  of  the  endplate  ob$e«*ved  In 
vivo.  Four  sources  of  evidence  have  confirmed  the  existence  of  these  con- 
formatlonal  transitions:  radioligand  binding  sites  f 4 ) ,  ESR  [5|,  Intrinsic 
fluorescence  [ 6,7 ]  and  fluorescence  of  extrinsic  probes  [8|. 


Structure  of  the  Acetylcholine  Receptor 

The  Torpedo  callfomlca  acetylcholine  receptor  (AChR)  has  been  the  most 
thoroughly  studied  of  the  receptor  systeas.  It  Is  composed  of  five  subunits, 
two  of  which  two  are  Identical.  The  subunits  are  designated  a*,  a,  y,  and  a 
and  have  apparent  molecular  weights  of  40,  49  ,  58  and  64  K  dal  tons,  respec¬ 
tively  19,101.  Only  the  a-subunlts  are  specifically  covalently  labeled  by 
affinity  reagents  such  as  bromoacetyl choline  or  4-(N-aale1aido)  phenyltrl- 
1  H| -methyl ammonium  Iodide  (MBTA),  suggesting  that  they  contain  the  acetyl¬ 
choline  binding  sites  (9.111-  Unlike  most  other  nicotinic  receptors,  the 
Torpedo  receptor  exists  primarily  as  a  dimer  (70-80*)  of  disulfide-bonded 
mon-mers  between  the  a-subunlts  |12|.  The  dimer  can  be  dissociated  Into 
monomers  by  mild  reduction  without  loss  of  response  to  the  Ionophoretic 
application  of  acetylcholine  1 13 1 .  Each  subunit  contains  carbohydrate  moie¬ 
ties  which  account  for  4-7*  of  their  weight  (Ml.  The  amino  acid  sequence 
Indicates  significant  subunit  homology  ( 14-161 .  However,  peptide  maps  (17,18) 
and  some  lack  of  Immunological  cross-reactivity  of  the  subunits  (19)  Indicate 
some  domains  of  significant  differences.  In  addition  to  the  five  subunits  of  . 
the  receptor,  there  Is  a  base  extractable  43  K  dalton  peptide  which  associates 
with  the  receptor  but  Is  not  essential  for  Its  functional  activity  (20).  This 
43  K  dalton  peptide  appears  to  be  a  structural  protein  which  restricts  the 
rotational  and  translational  motions  of  the  receptor  (18j. 

Negatively  stained  electron  micrographs  indicate  the  plasma  membrane 
surface  of  the  Torpedo  callfornlca  receptor  to  be  disk -shaped,  90  ♦/-  10A  in 
diameter,  with  a  central  cavity  of  15-20  A  In  diameter  (21).  The  electron 
density  profile  through  receptor-rich  membrane  fragments  indicates  that  the 
receptor  extends  -15A  Into  the  cytosol  with  an  overall  length  of  -110A  normal 
to  the  plane  of  the  membrane  (21).  Since  all  five  subuni  vs  span  the  bl layer. 

It  Is  generally  thought  that  they  are  like  staves  In  a  barrel.  The  arrange- 
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Mnt  of  the  staves  appears  to  be  ayatt  or  aye»$  (7),  and  a  aodel  of  the  AC hR 
Is  shown  In  Fig.  1. 


Fig.  1.  Model  of  the  acetylcholine  receptor. 
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L1g«nd  Binding  Sites  on  Receptor 

Each  Torpedo  cellfomlce  receptor  contelns  distinct  setureble  binding 
sites  or  regions  of  contect  tor  egonlsts/entagonlsts  122,231  end  for  noncom¬ 
petitive  blocking  agents  123,25).  While  the  stoichiometry  of  e-toxin  to 
noncompetitive  binding  sites  Is  controversial,  variously  reported  to  be  four 
to  one  1 25 1  or  two  to  one  (24) ,  most  laboratories  agree  that  there  are  two 
agonist/antagonist  sites  per  receptor  |2,23,26).  Though  binding  of  agonist, 
antagonists  and  snake  e-toxins  Is  mutually  exclusive  and  suggestive  of  common 
regions  of  contact  on  the  receptor,  Important  differences  exist  In  the  nature 
of  their  binding  behavior.  e-toxins  bind  Independently  and  with  equal  affi¬ 
nities  to  each  agonist/antagonist  site  on  the  receptor  (27|.  Classical 
antagonist  binding  Is  characterized  by  two  affinities  with  equal  numbers  of 
sites  (28).  for  example  {  H|d-tubocurar1ne  has  dissociation  constants  of  33 
nM  and  8  wM  |26|. 

Little  Is  understood  concerning  the  functional  activity  or  the  Interre¬ 
lation  of  subunits.  The  agonist/antagonist  binding  sites  are  located  on  the 
a-subunlts  19,11).  All  five  AChR  subunits  are  accessible  from  either  side  of 
the  membrane  to  proteolytic  enzymes  129-30)  and  to  antibodies  131-38)  and  are, 
therefore,  transmembrane  polypeptides,  w-toxln  In  the  presence  of  blfunc- 
tlonal  reagents  will  predominately  cross-link  to  the  •  and  a  subunits  |30, 31 1 , 
suggesting  mutual  proximity.  Recently,  using  electron  microscopy  and  single¬ 
particle  Image  averaging  at  20A  resolution,  Zlngshelm  ft  el.  |36|  showed  that 
a-bungarotoxln  ,lnds  to  two  regions  of  the  receptor,  one  adjacent  to  the 
delta  subunit  and  the  other  diametrically  across  the  molecule,  -5i»A  away  from 
the  a-subunlt.  The  lipophilic  photolabeled  (  Ipyrenesulfonyl  azide  labels 
primarily  the  beta  and  gamma  subunits,  which  suggests  that  they  have  pro¬ 
nounced  exposure  to  the  membrane  lipids  1 37).  The  a-subunlt  Is  affinity- 
labeled  by  noncompetitive  blockers  and  a  photoafflnlty-labeled  noncompetitive 
blocking  agent  (38|,  suggesting  that  It  Is  a  site  of  action  of  these  agents. 

Over  the  last  two  decades,  our  understanding  of  the  nicotinic  AChR  has 
increased.  Two  major  research  areas  have  been  '.he  elucidation  of  the  receptor 
structure  and  of  ligand  modulation  of  Ion  permt  >11lty.  Current  work  on  the 
receptor  structure  Includes  primary  amino  add  s  .’uenclng  of  the  subunits  114- 
16)  and  high  resolution  electron  microscopy  ( 19 1 .  The  functional  responses  of 
Interacting  ligands  are  aelng  pursued  by  now-classical  binding  methods  and 
electrophyslologlcal  techniques.  We  propose  to  Integrate  these  disparate 

approaches  by  utilizing  fluorescence  energy  transfer  | 39-41 J  and  quenching 
techniques  |42|  as  well  as  peptide  mapolng  and  sequencing  techniques  to 
examine  structural  determinants  of  receptor  functional  responsiveness. 

Specifically,  we  will  measure  the  topographic  disposition  of  fluorescent 
agonlsts/antagcnlsts  and  noncompetitive  blocking  agents  relative  to  each  other 
and  to  the  surface  of  the  lipid  bi layer.  The  selection  of  ligands  with 

suitable  spectroscopic  properties  will  provide  information  on  the  structure 

and  the  site  of  ligand  binding  as  well  as  information  on  the  pharmacologic 
selectivity  of  llgar.d  actions. 

The  advantages  of  fluorescence  techniques  are  that  (1)  only  nanomotar 
concentrations  of  f luo-ophores  are  required,  compared  to  the  mi  111-  and 
mlcromo’ar  concentrations  demanded  by  other  spectroscopic  techniques;  (?) 
relatively  large  fluorophore  Intersite  distances  (2Q-8GA)  _an  be  measured;  and 
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(3)  dynamic  measurements  can  be  made  on  functional  molecules,  obviating  the 
net*  for  fixatives  or  frozen  preparations  dictated  by  electron  microscopy. 

The  aeasuraeent  of  distances  by  fluorescence  energy  transfer  techniques 
requires  e  detailed  knowledge  of  the  spectroscopic  and  phareacologlc  proper¬ 
ties  of  the  fluorescent  probes.  Information  return  Is  eaxtelzed  by  use  of  a 
variety  of  donor-acceptor  pairs  as  well  as  complementer  procedures  to  measure 
energy  transfer,  e.g.,  donor  quenching,  acceptor  sensitization  and  lifetime 
analysis. 

The  goal  of  this  project  Is  to  determine  the  spatial  relations  between 
drug  binding  sites  on  the  surface  of  the  Torpedo  AChR  and  to  relate  these 
distances  to  the  primary  amino  acid  sequence  of  the  receptor.  This  Informa¬ 
tion  will  provide  a  connection  between  current  research  on  the  structure  of 
the  receptor  and  that  on  the  functional  properties  of  the  recaptor-act fve  li¬ 
gands. 

Neuromuscular  transmission  depends  critically  upon  the  Interplay  between 
a  functionally  responsive  receptor  and  rapid  Inactivation  of  released  acetyl¬ 
choline  by  acetylcholinesterase.  Conditions  of  esterase  Inhibition  such  at 
Insecticide  poisoning  lead  to  acetylcholine  accumulation  and  receptor  refrac¬ 
toriness.  letter  knowledge  of  drug  binding  sites  can  facilitate  the  design  of 
drugs  which  mitigate  the  effacts  of  excess  acetylcholine  arising  from  esterase 
Inhibition. 

finally,  many  diseases  affect  the  neuromuscular  junction.  In  myasthenia 
gravis,  the  patient  produces  antibodies  to  the  AChR.  In  the  case  of  rabies, 
the  virus  appears  to  enter  the  nervous  system  by  binding  to  the  AChR  |44|.  A 
better  knowledge  of  receptor  structure  could  permit  the  design  of  drugs  that 
could  block  virus  or  antibody  attachment. 


Organization  of  the  Report 

This  report  Is  divided  into  three  sections.  Section  I  deals  with  our 
efforts  to  develop  a  theoretical  framework  to  analyze  solute  quenching  of 
fluorescence  to  determine  the  solute  accessibility  of  slte-speciflcally 
labeled  w-toxin  bound  to  the  surface  of  the  AChR.  The  solute  quenching 
studies  provide  information  on  the  disposition  of  a-toxin  on  the  surface  of 
the  AChR.  Section  II  presents  our  analysis  of  the  interaction  of  a  novel 
decame thorium  homolog,  oecldlum,  with  the  AChR.  Section  III  sumwrlzes  our 
progress  to  date  on  slte-speciflcally  labeling  a-toxln  with  fluorescein 
isothiocyanete  (FITC),  erythrosln  isothlocyanat#  (E1TC),  and  tetramethylrho- 
damlne  Iso thiocyanate  (TRITC). 


SECTION  I 

SOLUTE  ACCESSIBILITY  TO  COBRA  FLUORESCEIN  ISOTHIOCYANATE-N'- 
LYSINC-23-m- TOXIN  BOUND  TO  THE  ACETYLCHOLINE  RECEPTOR 


Introduction 

Solute  accessibility  to  fluorescent  probes  or  groups  Attached  to  protein 
aolecules  Is  often  used  to  eon 1 tor  conformational  aspects  of  these  macromole- 
cules.  Solute  accessibility  Is  most  often  determined  with  fluorescence 
quenchers  such  as  acrylamide  and  lodlded  by  measuring  and  comparing  the 
specific  rate  of  quenching  of  the  fluorophore  free  In  solution,  kr0,  with  Its 
rate  attached  to  the  mecromolecule,  k*Q,  or  by  comparing  values  of  ILq  for  two 
or  more  conditions  that  may  affect  tie  conformation  of  the  protein;  It  Is 
usually  assused  that  a  decrease  In  quenching  rate  for  the  bound  fluorophore 
Indicates  a  decreased  accessibility  due  to  geometrical  masking  factors  In  the 
macromolerule.  However,  elementary  considerations  Indicate  that  for  the 
rapid,  diffusion-limited  reactions  which  characterize  the  fluorescence 
quenching  process,  kf£  should  depend  not  only  on  masking  factors  but  also  on 
the  translational  an«r  rotational  mobilities  of  the  labeled  macromolecules  as 
well  as  on  orientational  constraints  1q>osed  by.  the  association  of  fluoro- 
phores  with  macromolecules.  The  lower  the  rotational  mobility,  the  lower  the 
probability  that  a  bound  fluorophore,  exposed  on  a  small  fraction  of  the 
surface  area  of  the  mecromolecule,  till  meet  a  quencher  molecule  during  Its 
excited  state  lifetime.  These  notions  are  supported  by  recent  theoretical 
formulations  on  the  reactivity  of  specific  groups  attached  to  macromolecules 
145-47). 

In  this  section  of  the  report,  we  establish  quantitative  relations 
between  the  specific  rate  of  quenching,  kw,  translational  and  rotational 
mobilities,  orientational  constraints,  and  geometrical  masking  factors,  using 
formulations  of  Shoup  at  al.  |46|.  He  then  use  these  relations  to  analyze 
Iodide  quenching  data  (stefiy  state  and  time-resolved),  which  we  have  measured 
(a)  for  fluorescein  free  In  solution,  (b)  for  fluorescein-labeled  «-tox1n 
(labeled  at  lysine  23)  free  In  solution,  and  (c)  for  this  a-toxln  bound  to 
the  Torpedo  callfornlca  AChR.  The  results  give  Information  on  the  extent  to 
vrfilch  the  surface  of  the  «-t©x1n  molecule  In  the  region  of  lysine  23  Is  masked 
t*en  bound  to  the  AChR,  and,  ultimately,  on  the  disposition  of  the  a-toxln  on 
the  surface  of  the  AChR. 


Theory 

In  the  fluorescence  quenching  experiment,  the  fluorescence  Intensities  of 
the  fluorophore  attached  to  a  macromolecule  or  free  In  solution  are  monitored 
as  a  function  of  the  quencher  concentration.  The  Intensities  are  then  anal¬ 
yzed  with  the  Stern- Volmer  equation 

yi  -  i  ♦  kqIqi  (d 
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where  L  tnd  I  art  fluorescence  Intensities  observed  In  the  absence  end 
presence*  respectively,  of  e  concentration  (Q]  of  quencher.  Kq,  the  quenching 
constant.  Is  related  to  the  blMolecular  reaction  rate*  kpq,  bythe  equation 

Kq  *  hpQT  (2) 

where  t  Is  the  fluorescence  llfetlae.  The  fundamental  parameter  for  evaluat¬ 
ing  accessibility  Is  kpq. 

Quenching  of  Free  Fluorophore  In  Solution.  Quenching  rate  Is  detemlned 
by  the  irate  of  encounter  between  quencher  and  fluorescent  aolecule  and  the 
probability  of  reaction  per  encounter.  For  the  case  where  the  fluorophore*  F* 
and  quencher,  Q*  are  spherical  Molecules,  the  encounter  rata  Is  gtven  by  the 
flck  equation: 

S  ■  4  «Rpq20pQanQ(R,t)/aR  (eolecule/s)  (at  R  •  Rpq)  (3) 

where  Opq  Is  the  sum  of  the  translational  diffusion  coefficients  of  F  and  Q. 
nq(R,t)  is  the  average  concentration  of  quencher  Molecules  at  a  distance  R 
from  an  excited  fluorophore  Molecule.  Rcq  is  the  sum  of  the  Molecular  radii 
of  F  and  Q*  Rp  and  Rq,  respectively.  The  partial  derivative  Is  the  concen¬ 
tration  gradient  of  quencher  Molecules  about  an  excited  F  Molecule  evaluated 
at  the  distance  R  •  Rpq.  S  Is  essentially  the  flux  due  to  translational 
diffusion  of  quencher  Molecules  across  a  spherical  surface  of  radius  Rp0 
surrounding  an  excited  Molecule  and  is  just  the  rate  of  new  encounters  between 
F  and  Q.  S  Is  related  to  kq  by  the  equation 

kq  •  S/n*q  (cnVnolecules)  (4) 

where  n*q  Is  the  concentration  of  quencher  Molecules  ‘In  the  bulk  solution. 
According*  to  theory  [47  and  49|,  when  an  ensemble  of  excited  Molecules  Is 
first  created  by  a  pulse  of  light,  the  quenching  rate  Is  Initially  very  high 
because  of  encounters  between  the  F  and  Q  Molecules  that  happen  to  bt  Jn  close 
proxlMlty  at  the  tine  of  excitation.  However,  within  10  to  10  s,  the 
systeM  Moves  to  a  steady  state  with  a  gradient  of  quencher  Molecules  around 
each  fluorescent  Molecule.  For  the  case  where  quenching  occurs  on  every 
encounter,  the  specific  quenching  rate  Is  then  given  by  the  Sanluchowskl 
equation  (Eq.  5). 

kpq  •  4«0pqRpq  (5) 


The  Interaction  of  quencher  Molecules  with  an  excited  fluorophore  molecule 
attached  to  a  macromolecule  can  be  considered  an  asymwtrlc  reaction  In  which 
each  quencher  molecule  behaves  as  a  uniformly  reactive  sphere  Interacting  with 
a  maeroMolecular  sphere  that  Is  reactive  only  on  a  United  portion  of  Its 
surface  area,  as  shown  In  Fig.  2.  The  reactive  area  Is  characterized  by  the 
cone  angle  2e0  shown  In  the  figure.  For  such  a  reaction,  the  rate  constant 
depends  not  only  on  the  collision  frequency  between  quencher  and  spherical 
macromolecule  (determine  by  radii  and  translational  dlffuslor  coefficients,  as 
shown  by  the  Smoluchowskl  equation)  but  also  on  the  rotational  mobility  of  the 
macromolecule  and  eQ.  This  Is  because  the  number  of  encounv.-: '  between 
macromolecule  and  Its  surrounding  quencher  molecules  that  are  effective  at  the 
reactive  area  depends  on  the  rotational  mobility  of  the  Macromolecule. 
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Various  authors  hav«  offtrtd  approximate  solutions  for  this  typo  of  reaction, 
based  on  considerations  of  the  combined  translational  and  rotational  diffusion 
equations.  Here,  we  follow  the  solution  of  Shoup  at  al.  1 461  for  the  analo¬ 
gous  reaction.  Since  the  blmolecular  reaction  rate  constant  Is  the  quenching 
rate  constant,  km.  In  the  steady  state,  we  can  evaluate  km  by  Eq.  6  (cf.  Eq. 
22  In  Shoup  jr.  1461). 


^*cos>q)  * 

40Hq(1"COS*o)  -  ***}  I 


(«) 


t^^COSOo)  -  >w»i(CPMo)1,KtH^'(C%) 

(n  ♦  %)l(nKnf||)(t#n)  -  t*n  S»*3/2^*n^ 


where 

C*„  -  S,Q|n(fHl)DR/0Mpl1i  (7) 

O^ts”1)  Is  the  rotational  diffusion  coefficient  of  the  macromolecule  and  k  Is 
a  parameter  related  to  the  probability  of  reaction  upon  encounter,  k  approa¬ 
ches  a  value  of  Infinity  for  a  probability  of  1.  K  Is  a  parameter  of  a 
Modified  spherical  Bessel  function  of  the  third  kind  and  P.  (cost.)  Is  the  nth 
order  Legendre  polynomial  151] .  no 


He  use  the  following  procedure  to  co spare  our  experimental  fluorescence 
quenching  data  with  calculated  theoretical  rates  based  on  Eq.  6.  According  to 
this  equation,  the  quenching  rate  constant  for  a  fluorescent 1y  labeled  macro¬ 
molecule  Is  determined  by  the  values  of  Bg,  0*.  On,  Rg  and  a0.  for  a  spheri¬ 
cal  protein  moleculb,  0g,  CL  and  0a  can  be  evaluated  from  the  molecular  weight 
of  the  protein  with  Eqs.  ld-14  In  152].  Values  for  On  and  Rq  can  be  obtained 
from  the  literature.  The  parameter  a0  can  be  evaluated  as  follows.  He  assume 
that  the  fluorophore  Is  treatable  as  a  spherical  particle  of  radius  Rr  and 
that  the  bound  f luorophore  occupies  an  area  of  4»R  •  on  the  surface  or  the 
aacromolecule  when  the  fluorophore  Is  fully  exposed^  (completely  accessible). 
The  fraction  of  the  protein  surface  area,  F‘r,,  occupied  by  the  fully  exposed 
fluorophore  Is  then  given  by 

f m  ■  «f'/(*FN'  .  «,')  (fl) 

For  the  case  where  the  fluorophore  Is  only  partially  exposed  to  the  quencher, 
we  let  fm  represent  the  fraction  of  the  fluorophore's  surface  area,  4*Rc  , 
that  is  exposed  on  the  surface  of  the  aacromolecule.  fm  ranges  from  0  to  1 
for  the  completely  nonexposed  to  completely  exposed  fluorophore  and  Is  a 
measure  of  quencher  accessibility.  The  fraction  of  protein  surface  area 
occupied  by  the  partially  exposed  fluorophore  Is  then  given  by 

*  fMqRF*)  (9) 

Ffm  can  thus  be  evaluated  by  assigning  a  value  to  fyQ  and  using  the  values  for 
R*  and  Rp  obtained  as  described  in  the  appendix  orlSOl.  Finally,  *0  can  be 
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evaluated  with  the  known  equation  for  the  fraction  of  a  sphere's  surface  area 
circumscribed  by  a0, 

cos  #0  •  1-2Ffm  (10) 


With  the  procedure  described  above,  we  have  evaluated  for  proteins  of 
different  eclecular  weight  and  different  values  of  f^Q,  assuming  a  very  large 
value  for  k,  as  Is  expected  for  rapid  quenching  processes  that  occur  In  the 
nanosecond  tine  range,  ken.  the  quenching  rate  constant  for  the  free  fluoro- 
phore,  was  calculated  w1tnyEq.  5,  using  0F  ■  4.3  x  10  /sec  and  Re  •  5.3A  for 
fluorescein.  Fig.  3A  shows  a  plot  of  k^Q/kcn  vs.  molecular  weight  of  protein 
for  the  fully  exposed  fluorophore  ( f ^  -  1 ) .  Fig.  36  shows  plots  of  kgn/kFQ 
vs.  fun  for  the  partially  exposed  fruorophore  and  proteins  with  molecular 
weight? of  8  ,  250  and  9,000  kOa.  Fig.  3A  essentially  shows  the  effects  on  kun 
of  the  limited  translational  and  rotational  mobility  of  the  eacromolecuTe 
compared  to  the  free  fluorophore,  while  the  plots  of  Fig.  38  show  the  addi¬ 
tional  effects  introduced  by  geometrical  masking  as  measured  by  fun.  ?.s.r/kc0 
decreases  very  rapidly  until  the  mass  of  the  protein  reaches  about  5O^k0a, 
after  which  It  tends  to  approach  a  limit  of  about  0.38  (Figs.  34  and  28). 
According  to  Fig.  38,  the  accessibility  parameter,  fun.  Is  net  linearly 
related  to  the  quenching  constant,  particular  for  f^Q  <  0V2. 

Based  on  the  above  theoretical  calculations,  the  conjugation  of  FITC  to 
the  a-toxln  (8  kOa)  should  decrease  the  quenching  rate  constant,  relative  to 
the  free  fluorophore,  by  about  39%,  while  the  binding  of  the  labeled  a-toxln 
to  the  membrane-associated  AChR  (>>250  kOa)  should  further  reduce  the  rate 
constant  by  about  38%,  apart  from  possible  masking  effects. 

-  0 

O 

o 


Fig.  2.  Model  (based  on  Sole  and  Stockmaker,  1 47 1  and  |48|  for  the  Interac¬ 
tion  of  a  uniformly  reactive  quencher  with  a  spherical  macromolecule  reactive 
only  In  an  area  circumscribed  on  Its  surface  by  a  cone  drawn  from  Its  center 
with  a  cone  angle  of  29Q.  (RFM  and  Rg  are  the  radii  of  the  macroeolecule  snd 
solute,  respectively.)  w 
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Experimental  Procedures 

Materials.  a-Tox1n  (stamensls  3)  was  Isolated  following  the  Method  of 
Karlsson  et  al.  1 52 1  froM  Mala  naja  siamersls  venoe  obtained  lyophlllzed  froia 
MlaMl  Serpentarlum  (Ml awl,  fL).  (Flftl-toxln  was  prepared  as  described 
elsewhere  ( 531  and  subsequently  purified  by  colunn  Isoelectric  focusing  as 
described  previously  (43].  Analytical  Isoelectric  focusing  of  this  material 
{pleated  98X  homogeneity  based  on  the  distribution  of  fluorescence.  (Mono- 
I-tyros1ne-25|-a- toxin  (slamensls  3))  was  prepared  and  separated  frow 
nonlodlnated  and  dllodo  species  by  column  Isoelectric  focusing  (54).  All 
other  reagents  were  at  least  reagent  grade. 

|  . 

Receptor  Isolation.  Receptor-rich  aenbrane  fragments  were  Isolated  from 
Torpedo  caTTfornlca  electric  organ  following  published  procedures  (55,56). 
Aprotln  (i.T  trypsin  Inhibitor  units/100  g  tissue),  phyenylmethyl-sulfonyl- 
fluorlde  (0.9  ag/100  g  tissue),  and  EGTA  (5  tft)  were  aHded  during  the  Initial 
homogenization  to  minimize  proteolysis.  The  specific  binding  activities  of 
the  receptor  preparations  were  measured  by  adsorption  of  (mono-  I )-*- toxin- 
receptor  complexes  onto  DCAE -cellulose  filters  (57)  and  ranged  between  1  and  2 
nmol  of  a-toxln  binding  sites/mg  protein.  Incubatlqg  of  tenfold  excess  of 
native  toxin  30  min  prior  to  the  addition  of  (mono-  IJ-a-toxIn  defined  the 
nonspecific  binding  component  In  the  total  binding. 

'  I 

Fluorescence  Lifetime  Analysis.  Fluorescence  lifetimes  were  determined 
by  the  single-photon  counting  technique!  using  an  EEY  scientific  nanosecond 
fluorometer  (La  Jolla,  CA)  equipped  with  a  high-pressure  hydrogen  arc  la.ap. 
Oata  accumulated  In  a  E.6.  and  6.  Ortec  7150  multichannel  analyzer  (Salem, 
MA),  were  analyzed  and  displayed  by  uslnh  a  Compaq  computer  (Houston,  TX)  and 
a  Hewlett  Packard  7470A  plotter  (San  Diego,  CA).  Excitation  and  emission 
bands  were  selected  with  an  Oriel  5754  Interference  filter  (Stamford,  CT)  and 
a  Coming  3-68  cut-off  filter  (Corning,  NY),  respectively.  Fluorescence  decay 
rates  were  resolved  and  assessed  as  either  single  or  double  exponential 
functions  by  using  the  method  of  moments.  The  Instrumental  arrangement  and 
principles  of  data  treatment  have  been  discussed  in  detail  (58,59|. 

The  Intensity,  I(t),  vs.  time  graph,  directly  measured  with  the  nanose¬ 
cond  fluorometer,  is  distorted  by  the  finite  duration  of  the  lamp  pulse  (L(T), 
and  is  related  to  the  nordlstorted  time  course  of  emission  (F(t)  by  the 
convolution  Integral  (Eq.  11). 

I(t)  -  /Qt  L(T)F(t-T)dT  (11) 

F(t)  was  obtained  from  measured  graph  of  I(t)  and  L(t)  by  deconvolution  with 
the.  method  of  moments,  assuming  that  F(t)  can  be  represented  by  a  one  or  two- 
expcnentlal  expression  (pleese  see  Ref.  56).  The  time  shift  between  L(t)  and 
I(t)  Introduced  by  the  spectral  response  properties  of  the  detecting  photo¬ 
multiplier  tube  was  corrected  with  a  time-shift  Introduced  by  the  computer. 
Convolution  of  F(t)  so  obtained  wltn  L(T)  generates  a  new  function,  C(t), 
which  can  be  compared  with  I(t).  The  values  of  coefficients  and  lifetimes 
were  chosen  so  that  the  reduced  chi  square,  x#  was  a  minimum. 

x*  •  l/(N-n)  l  (l/d/)(I(t1)-C(t1)|2  (12) 
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whers  oj  1$  the  standard  deviation  of  I(tj)  due  to  noise,  N  Is  the  total 
nueber  of  data  points  and  n  Is  the  number  of  parawters  being  fitted. 

fluorescence  Titrations.  All  steady-state  fluorescence  Measurements  were 
made  on  a  Farrand  Hark  I” spectrofluorometer  (Valhalla,  MY)  equipped  with 
corrected  excitation  and  a  Hamamatsu  R928  photomultiplier  tube  (Middlesex, 
NJ).  The  spectrofluorometer  was  Interfaced  to  a  Tektronix  4052  microcomputer 
(Beaverton,  OR)  via  a  TransEra  analog- to-dlgltal  converter  (Provo,  UT). 
Samples  were  maintained  at  constant  temperature  In  a  four-position  cell  holder 
turret  housed  In  a  water- jacketed  sample  compartment  controlled  with  a  Haake 
thermostat  (Saddle  Brook,  NJ).  Fluorescence  titrations  were  carried  out  using 
1  cm  cross-section  cuvettes  at  20*C.  The  samples  were  excited  at  480  na  with 
a  Farrand  480  filter  In  the  path  of  the  excitation  beam.  The  emission  was 
monitored  at  519  na  with  a  Coming  3-70  filter  In  the  path  of  the  emission 
beam.  Fluorescence  values  were  corrected  for  dilution  resulting  from  added 
tltrant,  lamp  fluctuations,  and  light  scatter.  Unless  Indicated  otherwise, 
all  samples  were  dissolved  In  0.1  M  NaCI,  10  nil  sodium  phosphate  buffer,  pH 
7.4,  and  0.1  sodium  thiosulfate  to  prevent  formation  of  trl Iodide  anion. 


Results 

Nanosecond  Lifetime  Determinations.  Fluorescence  decay  rates  of  (FITC1- 
toxln  free  In  solution  or  bound  to  t.he  AChR  reasonably  conformed  to  monoexpo- 
nentlal  behavior  (Figs.  4A  and  48)  and  were  calculated  to  be  3.9  and  3.8  ns, 
respectively. 

Iodide  Quenching.  The  Stern-Volmer  plots  for  Iodide  quenching  of  the 
fluorescence  of  fluorescein,  (FITC|-tox1n  In  the  presence  of  native  a-toxln 
are  shown  In  Fig.  5.  The  slopes  (Kq's)  of  linear  least-squares  fits  to  these 
plots  are  presented  In  Table  I.  Beth  Stern-Volmer  quenching  plots  of  |FITC|- 
toxin  are  linear  to  at  least  0.6  M  KI  (all  data  not  shown)  but  the  fluorescein 
plot  Is  linear  only  to  about  0.12  M  KI.  Utilizing  Eq.  2  and  the  measured 
lifetimes,  the  quenching  rate  constants  were  calculated  (Table  I).  The 
quenching  rate  constant  of  the  fluorescein  moiety  decreased  to  45%  upon 
conjugation  to  the  a-toxln  and  by  80%  following  binding  of  the  conjugated  a- 
toxln  to  the  receptor. 

To  assess  possible  effects  of  the  AChR-assoclated  membranes.  Iodide 
quenching  of  the  fluorescence  of  FITC- toxin  in  the  absence  of  receptor  was 
determined  (data  not  shown).  Tlie  Stern-Volmer  plots  of  these  titrations 
yielded  quenching  constants  essentially  Identical  to  those  observed  for  KITC- 
toxln  In  the  presence  of  native  a-toxln-saturated  receptor.  Indicating  that 
the  presence  of  the  AChR-assoclated  membrane- Induced  turbidity  did  not  affect 
the  results. 

To  assess  possible  surface  charge  effects  on  the  negatively  charged 
Iodide  anion,  we  measured  the  quenching  constants  for  samples  In  1.0  M  Instead 
of  0.1  M  NaCl  (data  not  shown).  We  observed  only  a  slight  Increase  In  the 
quenching  constants,  suggesting  that  the  observed  differences  are  not  due 
to  differences  In  surface  charge. 


19 


Discussion 

In  order  to  obtain  Information  on  the  disposition  of  a-toxln  bound  to  the 
surfaces  of  the  AChR,  we  determined  the  solute  accessibility  to  FITC  conjuga¬ 
ted  to  Nc  of  lyslne-23  of  a-toxln  bound  to  AChR.  We  measured  the  Stern-Volmer 
Iodide  quenching  constants  and  fluorescence  lifetimes  of  the  conjugated  a- 
toxln  free  In  solution  and  AChR-bound  and  of  fluorescein  free  In  solution. 
From  the  fluorescence  lifetimes  and  quenching  constants,  we  calculated  the 
blmolecular  accessibility.  The  magnitudes  of  the  quenching  rate  constants  of 
|FITC)-tox1n  free  In  solution  and  AChR-bound  compared  to  that  of  fluorescein 
free  In  solution  were  about  what  would  be  predicted.  If  the  changes  In  trans¬ 
lational  and  rotational  mobility  and  orientation  constraints  were  consi¬ 
dered.  These  results  strongly  suggest  that  the  region  about  lyslne-23  on  the 
•-toxin  Is  exposed  to  the  bulk  solvent  both  when  the  a-toxln  Is  free  In 
solution  and  when  It  Is  AChR-bound. 

Tsetlln  et  al.  |60|  attempted  to  determine  the  solute  accessibility  to 
spin-labeled  i^on  lyslne-23  of  «-tox1n  (lysing i  27  In  tbelr  notation)  bound  to 
the  Torpedo  oarmorata  receptor  by  studying  Fe  *  and  HI  -Induced  paramagnetic 
broadening,  they  observed  3-  to  5.7-fold  higher  apparent  accessibility  to  the 
free  a-toxln  than  to  AChR-bound  a-toxln.  They  concluded  that  lyslne-23  Is  In 
"contact"  with  the  surface  of  the  receptor.  Unfortunately,  because  they  did 
not  measure  the  paramagnetic  broadening  of  the  free  toxin  In  the  presence  of 
native  a-tox In-blocked  receptor.  It  Is  not  possible  to  assess  the  contribution 
that  the  presence  of  the  receptor  bound  to  unlabeled  a-toxln  may  have  on 
apparent  accessibility.  When  we  attempted  to  perform  the  analogous  fluores¬ 
cence  quenching  experiment  with  T1*  (data  not  shown),  we  observed  that  the 
quenching  constant  of  free  FITC-toxIn  was  nearly  7  times  higher  than  that  of 
AChR-bound  a-toxln.  However,  In  close  agreement  with  our  Iodide  experiments, 
the  quenching  constant  of  FITC-toxIn  In  the  presence  of  carbachol -blocked  AChR 
was  about  1.9  times  higher  than  that  of  AChR-bound  FITC-toxIn.  It  Is  unclear 
why  these  differences  occurred.  Perhaps  the  AChR  altered  the  chemical  poten¬ 
tial  of  the  Tl+  by  nonspecific  binding  to  the  negatively  charged  surface  of 
the  AChR. 

We  have  made  many  assumptions  in  our  calculations  of  the  blmolecular 
quenching  rate  constants.  Some  of  these  Include  the  spherical  shape,  the 
average  specific  density  of  all  the  molecules  Involved,  and  the  validity  of 
the  Stokes-Elnsteln  expression  for  small  molecules  such  as  fluorescein.  Thus, 
we  must  stress  that  the  predicted  quenching  rate  constants  are  only  first- 
order  approximations.  They  do  show,  however,  that  quenching  constants  will 
decrease  without  an  alteration  of  solute  accessibility  following  binding  or 
conjugation  of  a  small  fluorophore  to  a  nacnjmolecule.  For  the  case  of  FITC- 
toxIn  binding  to  the  AChR,  there  may  be  a  small  change  In  solute  accessibility 
to  the  FITC  associated  with  AChR  binding,  but  the  magnitude  Is  probably  small 
relative  to  the  anticipated  effect  of  AChR-blndlng. 

We  are  unaware  of  any  other  efforts  to  consider  rotational  diffusion  and 
orientation  constraints  on  the  fluorescence  quenching  technique.  Failure  to 
consider  rotation  and  orientation  constraints  can  potentially  lead  to  problems 
In  the  evaluation  of  accessibility.  Two  rules  of  thumb  appear  to  stem  from 
our  consideration  of  rotational  diffusion  and  orientation  constraints  on 
fluorescence  quenching  experiments  that  Involve  comparisons  between  free  and 
bound  fluorophores.  first,  a  decrease  In  the  quenching  rate  constant  by  a 
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factor  of  2  to  perhaps  5  can  be  expected  to  occur  with  the  Iwoblllzatlon  of  a 
fluorophore  on  the  surface  of  a  macromolecule.  Second,  the  relation  between 
solute  exposure  and  the  quenching  constant  Is  nonlinear.  The  nonlinearity  of 
this  relation  Is  particularly  narked  for  fp0  <  0.2,  so  that  there  Is  no  slnple 
direct  relation  between  the  fraction  of  trie  surface  area  of  the  fluorophore 
exposed  to  solute  and  the  quenching  rate  constant  (see  Fig.  38). 


Fig.  3.  Theoretical  plots  based  on  Eq.  6  of  the  ratio  of  Iodide  Ion  quenching 
rate  constants  for  fluorescein  bound  to  a  spherical  protein  (kug)  and  fluor¬ 
escein  free  In  solution  (k^)  vs.  (A)  the  molecular  mass  or  the  protein 
conjugate,  assuming  total  accessibility  of  Iodide  to  the  fluorophore  and  (b) 
the  fractional  accessibility  (fno)  of  Iodide  to  protein-conjugated  fluores¬ 
cein.  The  fluorophore  Is  assumed  spherical  with  a  molecular  mass  equal  to 
that  of  FITC  (M_  -  389).  The  lines  In  panel  B  correspond  to  protein  molecular 
masses  of  8  kOa,  solid  line;  250  kOa,  dashed  line;  and  9,000  kDa,  dotted 
line.  The  radius  of  the  fluorophore  was  assumed  to  be  5.3  £.  ]he  translation 
diffusion  rate  of  fluorescein  was  estimated  to  be  4.3  x  10  cm  .s’  . 
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Fig.  4.  Nanosecond  fluorescence  decay  curves  (A)  of  [FITC|-tox1n  (500  nM) 
bound  to  the  AChR  (750  nM  In  a-toxin  sites)  and  (B)  of  (FITC)-toxln  (500  nM) 
free  In  solution  In  the  presence  of  native  a-toxin  (4  uM  bound  AChR).  Dashed 
lines  represent  lamp  pulse.  Deviations  of  the  experimental  (dotted)  from  a 
single  exponential  theoretical  (solid)  function  are  shown  In  the  upper 
curves.  The  x  «  for  the  deviation  In  the  upper  and  lower  panels  are  1.9  and 
1.8,  respectively.  Native  a-toxin  was  Incubated  with  the  receptor  30  min 
prior  to  the  addition  of  FITC-toxIn. 
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Fig.  5.  Stern-Volmer  plots  of  Iodide  quenching  of  the  fluorescence  of  fluor¬ 
escein  (triangles),  (FITC|-tox1n  bound  to  the  AChR  (circles),  and  (FITCI-toxIn 
free  In  a  solution  containing  native  a-toxln- saturated  AChR  (squares).  Error 
bars  (n-3)  are  not  shown  when  the,y  fall  within  symbol.  The  concentrations  of 
fluorescein*  |FITC| -toxin,  AChR  and  native  toxin  were  50  nM,  122  nM,  300  r* 
(In  o-toxln  sites),  and  3  »M,  respectively.  Native  a-toxin  was  Incubated  with 
the  receptor  for  30  aln  prior  to  the  addition  of  FITC-toxIn.  This  mixture  was 
Incubated  an  additional  45  min  to  ensure  that  at  least  95%  of  the  ) F ITC J -toxin 
was  bound  to  the  AChR.  Solid  lines  represent  linear  least-squares  fits  to  the 
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TABLE  I.  Suwary  of  the  Stem-Voleer  quenching  constants  (Kq)  (±  Standard 
error  of  estlaate).  the  fluorescence  decay  rates  (t),  and  the  bleolecular 

ruenchlng  rate  constant  (k0)  of  the  fluorescein,  [FITCl-toxIn  free  In  solution 
In  the  presence  of  toxin-blocked  AChR)  and  bound  to  the  AChR,  calculated 
utilizing  Eq.  2.  The  observed  k^n/k^n  represents  the  ratio  of  Iodide  Ion 
quenching  constants  for  FITC-toxliv  ana  free  fluorescein.  The  theoretical 
kuQ/kfrQ  values  Indicate  calculated  ratios  of  Iodide  Ion  quenching  rate  con- 
stlntsM  (Eq.  6/Eq.  5)  for  a  spherical  fluorophore  the  size  of  fluorescein 
attached  to  spherical  proteins  the  size  of  a-toxln  and  the  AChR  relative  to 
the  rate  constant  for  the  fluorophore  free  in  solution,  assuming  complete 
accessibility  (f^  •  1). 


»(ns) 

Observed 

kHQ/kFQ 

Theoretical 

kHQ^kFQ 

Fluorescein 

9.84  ±  0.04 

4.1 

2.4 

1.0 

1.0 

|FITCJ-tox1n 
(plus  ®- toxin- AChR) 

4.07  ±  0.01 

3.8 

1.07 

0.45 

0.61 

IFITC) -toxin- AChR 
(■eebrane-assoc 1 ated ) 

1.91  ±  0.01 

3.9 

0.48 

0.20 

0.38 

SECTION  II 

INTERACTION  OF  OECIOIUM  WITH  THE  ACETYLCHOLINE  RECEPTOR 


Introduction 

The  AChR  represents  a  prototyplc  transmembranr  ligand-regulated  Ion 
channel.  Coupling  of  receptor  occupation  with  Ion  permeability  arises  from  an 
Interplay  between  Interconvertible  functional  states,  nodulated  by  the  history 
of  exposure  to  agonist  or  a  variety  of  heterotropic  ligands,  such  as  phen¬ 
cyclidine  (PCP)  and  local  anesthetics.  The  emerging  description  of  ligand- 
response  coupling  reveals  a  dynanlc  receptor  entity  possessing  discrete  but 
allosterlcally  Interactive  sites  and  functional  domains  on  the  receptor 
oligomer. 

Fluorescent  ligands  containing  5-dlmethylanlnonaphthalene-l-sulfyl 
(Dansyl),  pyrenebutyl,  or  7-n1trobenzo-2-oxa-l,3-d1azole  moieties  have  been 
employed  to  characterize  effector  sites  and  mechanisms  underlying  functional 
transitions  of  the  nicotinic  receptor.  These  ligands  emit  at  wavelengths 
shorter  than  550  nm.  A  ligand  which  emits  at  wavelenthgs  greater  than  60Q  nm 
would  be  useful  for  assessing  IntersHe  distances  through  excitation  energy 
transfer.  To  this  end,  we  have  characterized  the  Interaction  of  decldlum 
dl Iodide  with  the  AChR.  Decldlum  Is  a  fluorescent  phenylphenanthrldlum 
analogue  of  ethldlum  which  contains  10  methylene  groups  between  the  endocycllc 
quaternary  nitrogen  and  the  exocylic  trl methyl ami no  quarternary  nitrogen, 
hence.  It  contains  an  Interquatemary  distance  Identical  to  decamethonlum  and 
Its  congeners  which  have  been  widely  studlid  In  nicotinic  receptor  function. 

In  the  present  study,  we  described  the  pharmacological,  biochemical  and 
spectroscopic  properties  of  decldlum  upon  Interaction  with  the  AChR.  Dipolar 
energy  transfer  Is  employed  to  determine  the  distance  between  the  two  AChR 
agonist-binding  sites  using  FITC-toxIn  bound  to  one  and  decldlum  to  the 
other. 

To  characterize  the  properties  of  declalum,  we  utilized  both  the  BC3H-1 
clonal  muscle  cell  line  and  AChR-enrlched  membrane  fragments  from  Torpedo 
callfornlca.  BC3H-1  cells  grow  In  monolayer  cultures  and  elaborate  uniformly 
distributed  surface  AChRs  permitting  simultaneous  measurement  of  receptor 
occupation  and  functional  response  In  the  same  population  of  Intact  cells. 
Torpedc  electric  organs  provide  highly  enriched  source  of  receptors  for 
fluorescence  measurements. 
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Experimental  Procedures 


Materials.  Cell  culture  Mdla  Including  Dulbecco's  Modified  Eagle's 
Medliai  and  letel.celf  serum  were  obtained  from  G1BC0  (Grand  Island.  MY). 
Radionuclides  |  I]  and  Na*,  and  |H| phencyclidine,  (PCP)  were  obtained 
carrier-free  fro*  Mew  England  Nuclear  (Boston,  MA).  {  H| Acetyl choline  (ACh) 
was  purchased  fro*  Aaersha*.  PCP  was  a  gift  fro*  Or.  Ian  Creese.  d-Tubocu- 
rarfne  chloride  was  a  gift  from  Ell  Lilly  and  Company  (Indianapolis,  INI. 
Olnapthyl-decaaethonlu*  was  a  gift  fro*  Or.  H.P.  Rang  (Bristol,  England). 
Proadlfen  was  obtained  from  Smith,  Kline,  and  French  (Philadelphia,  PA). 
Meproadl fen  was  prepared  by  Methylating  proadlfen  with  1odo*ethane.  Lfdocalne 
and  carbachol  were  fro*  S1g*a  Chemical  Co.  (St.  Louis,  MO).  Oecldlu*  was 
synthesized  by  Or.  Harvey  Benaan.  Stock  Oecldlu*  solutions  were  freshly 
prepared  by  dissolving  a  snail  aaount  of  dry  dacldfu*  directly  Into  aqueous 
buffer.  The  solution  was  clarified  by  filtration  and  the  dec  id  1u*  concentra¬ 
tion  determined  fro*  the  absorbance  at  480  n*  (E.,g  •  6000  N"  cm"  ).  Alter¬ 
natively,  concentrated  decldlua  solutions  were  prepared  In  acetonitrile  and 
stored,  protected  fro*  light,  at  -20*C.  Experimental  solutions  were  freshly 
prepared  by  dilution  of  the  concentrated  stock  Into  aqueous  buffer.  FITC- 
toxln  was  prepared  as  described  elsewhere  i 43 1  and  subsequently  purified  by 
coluan  isoelectric  focusing  as  described  previously  (52|.  Analytical  Iso¬ 
electric  focusing  of  this  Material  Indicated  98*  homogeneity  based  on  the 
distribution  of  fluorescence.  •- Toxin  (s lame ns  is  3)  was  Isolated  following 
the  Method  of  Karlsson  et  al.  (52]  fro*  Naja  11*30“ stamens is  venom  obtained 
lyophlllzcd  fro*  M1a«1  ~5erpentar1u*  (Sail  lake  CTly,  liT).  (Mono-  I- 
tyros  1  ne-2 5 1 -«-tox  1  n  ( s lawe ns  i  s  3)  was  prepared  and  separated  fro*  nonlodlna- 
ted  and  dllodo  species  by  coluan  Isoelectric  focusing  (53).  All  other  rea¬ 
gents  were  at  least  reagent  grade. 

Receptor  Isolation.  Receptor-rich  aeabrane  fragments  were  isolated  fro* 
Torpedo  cafT7om1ca  electric  organ  as  described  In  Section  I. 

Assays  of  receptor  occupation  and  agon  1st- stimulated  permeability  re- 
sj^gsel  kinetic  assays  to  measure  llfgand  competition  with  the  initial  rate  of 
r  IT -« -toxin  binding  to  AChR  In  Torpedo  membranes  were  performed  using 
Whatman  DC -81  filter  discs  to  adsorb  selectively  the  receptor-toxin  complex  as 
described  previously  ] 55 1 .  Filters  were  acid  wash^prlor  to  experiments  In 
order  to  reduce  nonspecific  adsorption  of  (mono-  Il-a-toxln  to  the  fil¬ 
ters.  They  were  acid-washed  prior  to  experiments  as  follows.  Batches  of  50- 
100  filters  were  suspended  In  a  solution  of  12  *1  concentrated  HC1  plus  28  ml 
methanol,  warmed  to  43*C,  and  allowed  to  cool  to  room  temperature  over  -45 
•in.  The  solution  was  decanted  and  the  filters  were  washed  twice  with  dis¬ 
tilled  water,  soaked  overnight  in  a  further  rinse  of  distilled  water,  and  then 
dried  under  a  heat  lamp  before  use. 

Assays  of  ligand  competition  with  Initial  rates  of  I ' 14 1 |-«-tox1n  binding 
and  agonist-stimulated  “Ha4-  permeability  In  Intact  0C3H-1  cells  were  per¬ 
formed  as  described  previously  1 27,28] . 

1  H | PCP  Binding.  The  equHbrlum  binding  of  radiolabeled  PCP  was  measured 
as  described  by"  Heidemann  et  al.  ( 61 )  with  the  following  modifications:  AChR- 
assoclated  membranes  were  suspended  In  100  NaCl,  10  mM  NaP0„,  pH  7.4. 
Binding  of  I  H ] PCP  was  determined  under  the  following  conditions:  1)  Mem¬ 
branes  were  not  treated  with  any  cholinergic  ligand  prior  to  I  N|PCP  addition; 


2)  «  10-fold  excess  of  a-toxln  wes  Incube  ted  with  AChR  for  1  hr  prior  to 

addition  of  {  HJPCP;  end  3)  200  uH  carbachpl  wes  Incubeted  with  AChR  for  et 
least  10  aln  prior  to  the  .addition  of  (  H|PCP.  Nonspecific  binding  wes 
determined  by  the  level  of  |  H}PCP  binding  In  the  presence  of  1  aM  PCP.  A  20 
wit  (  H 1  PCP  stock  solution  wes  prepared  so  that  the  final  concentration  of 
|  M 1  PCP  In  the  saaples  was  1.0  vM.  After  addition  of  the  nonccapetltlve 
Inhibitor  ligand,  the  saaples  were  Incubated  for  at  least  1  hr  at  20*C  In 
Beckaan  polyal loner  al rf uge  tubes.  Bound  ligand  was  separated  from  free 
ligand  by  ultracentrifugation  In  a  Beckaan  Alrfuge  for  5  aln  at  160,000  x  g. 
for  Scatchard  analysis,  duplicate  10  wL  aliquots  of  the  supernatant  were 
reaoved,  or  alternatively,  aliquots  were  withdrawn  prior  to  centrifugation  to 
deteralne  total  counts.  The  supernatant  was  then  aspirated,  and  3  aa  of  the 
end  of  the  tube  containing  the  pellet  was  cut  off.  The  aeabrane  pellets  and 
supernatant  aliquots  were  counted  In  5  aL  of  Blofluor  (New  England  Nuclear, 
Boston,  MA). 

l>lACh  Binding.  The  binding  of  |  *M fACH  to  Torpedo  aeabranes  was  mea- 
sured  In  100  wM  NaCI,  100  tli  NaP0„,  pH  7.4  by  an  uTtracentrlfugatlon  assay. 
In  order  to  prevent  catalytic  ACh  hydrolysis,  AChR-assoclated  aeabranes  (2.5 
wM  In  a-toxln  sites)  were  Incubated  with  1  aM  dllsopropylf luorophosphate  for  1 
hr  at  25*C.  Binding  studies  were  subsequently  aade  In  the  presence  of  10  wM 
dllsoqropylf luorophosphate,  AChR-assoclated  aeabranes  (25  nM  In  a-toxln  sites, 
end  (  H|ACh  (20  nM).  Incubations  were  perforaed  In  the  presence  and  absence 
of  noncoapetltlve  Inhibitor  ligands  for  l  hr  at  25*C.  Nonspecific  binding  was 
determined  by  pre- Incubating  the  AChR-assoclated  aeabranes  with  lOrfold  excess 
a-toxln  for  1  hr.  After  ultracentrifugation  In  a  Beckaan  Alrfuge  for  5  aln  at 
160,000  x  g,  the  supernatant  was  aspirated.  The  pellet  was  then  solubilized 
by  addition  of  30  uL  10*  (w/v)  Triton  X-100  for  at  least  18  hr.  The  radioac¬ 
tivity  was  counted  In  5  aL  of  Blofluor. 

Binding  Data  Analysis.  Competition  binding  experlaents  were  analyzed  by 
the  LIGANO  nonlinear  curve  fitting  program  for  the  analysis  of  ligand  binding 
data,  model  fitting  and  parameter  estimation. 

In  order  for  the  program  to  calculate  the  K«  of  the  unlabeled  competitor, 
a  value  for  the  Kg  of  (  H|PCP  had  to  be  determined.  Since  the  Kg  of  |  H|PCP 
Is  allosterlcally  modulated  by  binding  at  the  agonist/antagonist  sites,  we 
determined  Kg  values  of  0.4  uM  and  2.0  wM  In  the  presence  of  carbachol  and  a- 
toxln,  respectively.  The  data  points  are  the  means  of  duplicate  samples. 
Scatchard  plots  were  fit  by  least-squares  linear  regression  analysis.  Figures 
show  the  results  of  Individual  experiments,  each  of  which  was  performed  at 
least  three  times  with  different  membrane  preparations. 

Fluorescence  Lifetime  Analysis.  Fluorescence  lifetimes  were  determined 
by  single-photon  counting  technique  using  an  EEY  scientific  nanosecond  fluoro- 
meter  as  described  In  Section  I. 

Energy  Transfer.  The  efficiency  of  dipolar  resonance  energy  transfer 
between  a  discrete  donor  and  acceptor  pair  Is  related  to  the  distance  (R) 
separating  the  pair  by  Equation  13. 

R  -  R0(l/E  -  1)1/4  (13) 
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R-.  the  distance  at  which  transfer  efficiency  equals  50*,  Is  9.756  x  10s 
(k  JQn~  )  '  .  The  overlap  Integral.  J.  between  excited  state  donor  and 
acceptor  dipoles  Is  the  Integrated  area  of  overlap  between  the  donor  emission 
spectrum,  Iq(x),  and  the  acceptor  absorption  spectrum,  cA(x)  (Equation  13). 

,  /lo(OcA(x)x,,dx 

J  • - - -  (14) 

;i0(x)dx 

Qn  denotes  the  donor  quantum  yield  In  the  absence  of  acceptor  and  n  represents 
tne  refractive  Index  of  the  medium  between  donor  and  acceptor,  k  ,  the 
orientation  factor,  accounts  for  the  relative  orientation  of  the  donOr  emis¬ 
sion  and  acceptor  absorption  transition  dipoles,  x  Is  the  wavelength  in  cm. 

When  donor  and  acceptor  are  at  separate  sites  on  a  mtcromolecule,  the 
efficiency  of  energy  transfer  (Eq)  can  be  aeasured  by 

Eg  "  1  -  T0A^T0  03) 

where  and  tq  are  the  fluorescence  lifetimes  of  the  donor  In  the  presence 
and  absence  of  acceptor,  respectively. 

The  distance  relationships  between  FITC-toxIn  and  decldlum  bound  to  the 
agonist  sites  on  the  AChR  was  examined  after  151  of  the  agonist  sites  were 
occupied  with  the  FITC-toxln.  This  value  was  chosen  as  a  compromise  between 
maximizing  the  signal  from  FITC-toxln  while  minimizing  the  number  of  receptors 
with  both  agonist  sites  occupied  with  FITC-toxln.  Since  FITC-toxln  binds  with 
equal  probability  to  either  of  the  two  agonist  sites,  the  formula  for  a 
binomial  distribution  was  used  to  estimate  the  proportion  of  doubly  versus 
singly  occupied  receptors.  With  15*  of  all  the  «-tox1n  binding  sites  occupied 
by  [FITCI-toxIn,  821  of  the  f F ITC ] -toxin  occupied  receptors  will  have  only  one 
toxin  molecule  bound,  and  17*  will  have  two  FITC-toxln  molecules  bound  (cf. 
Table  I  In  63).  After  the  (FITCI-toxIn  was  Incubated  with  the  AChR,  the 
remaining  unoccupied  sites  were  occupied  by  a  near  saturating  concentration  of 
decldlua,  10  ym.  PCP  (100  urn)  was  present  to  prevent  decldlum  binding  to  the 
noncompetitive  Inhibitor  site. 


Results 

wj  Concentration  dependence  for  decldlum  Iqtjlbltlon  of  Initial  rates  of 
1  I l-g-toxln  binding  and  agonist-stimulated  Na’permeabl Uty.  In  order  to 
assess  the  utility  or  decldlum  as  a  fluorescent  probe  of  ACHR,  It  was  first 
necessary  to  characterize  the  pharmacological  actions  of  the  ligand.  Since 
classical  agonists  and  antagonists  competitively  Inhibit  a-toxln  binding  to 
the  receptor,  decldlum  was^sted  for  concentration-dependent  Inhibition  of 
the  Initial  rate  of  (mono-  I|-a-tox1n  binding.  In  addition,  the  decldlua 
concentration  dependence  for  inhibition  of  the  initial  rate  of  Na*  Influx 
stimulated  by  carbachol  was  examined.  Oata  are  shown  In  Fig.  5.  Decldlua 
Inhibits  a-toxln  binding  to  AChR  In  Torpedo  membranes  (Fig.  7A)  and  In  Intact 
8C3H-1  cells  g^er  similar  concentration  ranges.  Decldlum  also  effectively 
inhibits  the  Na  Influx  stimulated  by  carbachol  In  8C3H-1  cells  over  a 
comparable  concentration  range,  suggesting  that  the  two  effects  might  be 
mediated  through  action  at  the  agonist/antagonist  site.  In  control 


experiments,  decldlum  elone  causes  no  detectable  Increase  over  basal  *2Na* 
permeability  (data  not  shown).  As  previously  noted  with  a  variety  of  choli¬ 
nergic  antagonists  (23),  the  decldlum  protection  curves  In  Fig.  7C  show  Hill 
coefficients  of  less  than  unity.  This  behavior  may  arise  from  heterogeneity 
In  decldlum  affinities  for  the  two  agonist/antagonist  subsites  on  the  AChR 
macromolecule.  It  Is  Interesting  that  equilibration  of  AChR  with  the  speci¬ 
fied  decldlum  concentrations  prior  to  Initial  rate  measurements  In  the  conti¬ 
nued  presence  of  decldlum  (Fig.  7,  closed  symbols)  resulted  In  a  small  In¬ 
crease  (approximately  3-fold)  In  decldlum  affinity  relative  to  that  for 
decldlum  added  to  AChR  during  the  Initial  rate  measurement  without  prior 
exposure  (Fig.  7,  open  symbols).  This  observation  suggests  that  In  addition 
to  Its  antagonist  actlors  bn  AChR,  decldlum  may  possess  limited  ability  to 
convert  AChR  to  a  desensitized  state  exhibiting  Increased  affinity  for  this 
ligand.  Such  a  conversion  In  AChR  state  might  occur  through  the  action  of 
decldlum  at  the  agonist  /antagonist  site  as  a  metaphlllc  antagonist  as  de¬ 
scribed  by  Rang  and  Ritter  [571  or  by  an  additional  component  of  decldlum 
action  as  an  allosteric  Inhibitor  like  the  local  anesthetics. 

Decldlum  Inhibition  of  Concentration-Dependent  Agonist  Activation  of  AChR 
Permeability  Response^  In  order  to  examine  further  the  mechanism  of  decldlum 
inhibition  oF2^ChR  function,  the  concentration  dependence  for  carbachol 
activation  of  Na*  permeability  response  was  measured  In  BC3H-1  cells  In  the 
presence  of  fixed  concentrations  of  decldlum.  As  shown  In  Fig.  8A,  Increasing 
decldlum  concentrations  progressively  displaced  the  carbachol  concentration- 
response  curve  to  higher  agonist  concentrations  as  well  as  reduced  the  maximal 
response  obtained  at  saturating  agonist  concentrations.  This  experiment 
reveals  both  competitive  and  noncompetitive  components  of  decldlum  Inhibi¬ 
tion.  For  comparison.  Fig.  8C  shows  the  effect  of  the  competitive  antagonist 
d-tubocurarlne.  As  expected,  this  antagonist  shifted  the  agonist  concentra¬ 
tion-response  curve  to  higher  concentrations  without  altering  the  maximal 
obtainable  permeability  response.  Fig.  88  Illustrates  the  behavior  of  the 
metaphlllc  antagonist  dlnapthyldecamethonlum.  Like  decldlum,  dlnapthyldeca- 
methonlum  displayed  substantial  noncompetitive  Inhibition,  consistent  with 
conversion  of  AChR  to  a  desensitized  state  temporarily  Incapable  of  responding 
to  agonist. 

Decldlum  Enhancement  of  Agonist  Competition  with  q-toxln  81nd1nq.  The 
data  In  Figures  7  and  3  do  not  distinguish  between  actions  at  the  agonist/ 
antagonist  site  and  anesthetic-1  Ike  actions  at  additional  allosteric  sites  as 
the  mechanism  by  which  decldlum  converts  AChR  to  a  state  of  '  t-essed  affinity 
and  decreased  functional  responsiveness.  If  decldlum's  action*  were  exerted 
solely  through  the  agonist/antagonist  site,  any  effect  of  decldlum  to  enhance 
the  apparent  agonist  affinity  should  occur  over  the  same  concentration  range 
at  which  decldlum  Itself  competes  with  (mono-  I|-a-tox1n  binding.  Alterna¬ 
tively,  If  decldlum  could  convert  AChR  to  a  state  of  Increased  agonist  affi¬ 
nity  by  an  allosteric  mechanism,  as  demonstrated  for  the  local  anesthetics, 
one  might  observe  a  separation  between  the  concentration  dependences  for 
direct  decldlum  co«q)et1t1on  versus  Indirect  enhancement  of  agonist  competition 
with  a-toxln  binding  (59|.  To  address  this  question,  we  examined  the  concen¬ 
tration  dependences  for  decldlum  augments  competition  of  a  fixed  agonist 
concentration  with  the  Initial  rate  of  (mono-  l|-a-tox1n  binding  In  the 
absence  of  carbachollne.  Results  from  experiments  In  Torpedo  membranes  and 
BC3H-1  ceils  are  shown  In  Figs.  9A  and  98,  respectively.  These  data  show  that 
decldlum  exhibits  Identical  concentration  dependences  for  Inhibition  of  a- 


30 


.  A  - A  J W A  -*»  y*V k*  A -V  .*>*.*» . A  .*»*.*»  .VVv  .S  .*»  ■'» -V-Va'I-.  .WV  .*»  .N  .N." 


toxin  binding  and  for  augmentation  of  the  competition  of  carbachol  with  a* 
toxin  binding.  Fig.  9C  shows  the  corresponding  result  obtained  for  the  local 
anesthetic  meproadlfen  with  Torpedo  membranes.  Here  eeproadlfen  allosterl- 
cally  enhances  carbachol  competition  with  a-toxln  binding  at  far  lower  con¬ 
centrations!  than  those  required  for  Inhibition  of  a-toxln  binding  by  the 
anesthetic  Itself. 


Oecldl 
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membranes  t 
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urn  Inhibition  of  1  HI  ACh  Binding.  To  further  conflre  and  analyze 
tion  of  decldlum  with  the  agonist/antagonist  site,  we  aeasured  the 
on  dependence  of  decldlum  Inhibition  of  |  H|  binding  to  the  Torpedo 
\t  equilibrium.  Fig.  10A  shows  a  plot  of  the  percent  inhibition  of 
tdlng  as  a  function  of  decldlue  concentration.  In  close  agreement 
bove  a-toxln  binding  Inhibition  studies,  the  calculated  inhibition 
decldlum  was  about  0.4  »M. 


Oecldlum  Inhibition  of  (HIPCP  Binding.  To  measure  directly  the  Inter¬ 
act  loo  cf?r^3«cTdTu5  wrTtf>“^F»«  noncompetitive  binding  site,  .we  examined  the 
capacity  of  decldlum  to  Inhibit  the  equilibrium  binding  of  (  H|PCP  to  Torpedo 
membranes.  PCP  had  been  shown  to  bind  selectively  to  the  noncompetitive 
b]ock1ng  site  161).  Fig.  108  shows  the  concentration-dependent  inhibition  of 
(  H)PCP  binding  In  the  presence  of  excess  carbachol  or  a-toxln  to  block  the 
binding  to  the  agonist/antagonist  sites  and  In  the  absence  of  both  agents. 
Since  a  nonsaturatlng  concentration  of  )  HIPCP  was  utilized.  It  was  possible 
to  observe  about  a  1001  Increase  In  (  H | PCP  binding  In  the  presence  of  carba¬ 
chol  competed  with  a-toxln.  Moreover,  PCP  has  about  fourfold  higher  affinity 
toward  the  carbachol-lnduced  high  affinity  state  (Kn  -  4.8  vM)  compared  to  the 
a-toxln-stqblllzed  state  (*«  ■  18.2  »M).  In  the  absence  of  either  carbachol 
or  a-toxlH,  decldlum  displays  blphaslc  behavior.  At  low  concentrations, 
decldlum  increases  PCP  binding  and  at  high  concentrations,  it  Inhibits  bind¬ 
ing.  This  blphaslc  behavior  Is  consistent  with  decldlum's  higher  affinity 
toward  the!  agon 1st- Induced  high  affinity  state.  Decldlum,  which  binds  at 
tenfold  Idwer  concentration  to  the  angonlst/antagonlst  site  than  to  the 
noncompetitive  blocking  site,  converts  the  receptor  to  the  high  affinity 
state,  which  Increases  the  apparent  affinity  of  PCP  and.  In  turn,  the  fraction 
of  occupied  PCP  sites. 


Spectral  Characterization.  By  measuring  the  fluorescence  spectra  of 
decldlum  in  the  presence  of  various  combinations  of  excess  carbachol  and  PCP, 
It  is  possible  to  block  selectively  the  binding  of  decldlum  to  either  the 
agonist/antagonist  or  noncompetitive  blocking  sites  on  the  surface  of  the 
receptor,  and  thereby  obtain  the  spectra  of  decldlum  bound  to  each  binding 
site.  Fig.  11  shows  that  the  excitation  spectrum  of  decldlum  bound  to  the 
spectrum  of  decldlum  bound  the  agonist/antagonist  site.  This  blue  shift  may 
reflect  an  Interaction  of  the  aromatic  protion  of  decldlum  with  a  charged 
group  In  tpe  noncompetitive  blocking  site  between  the  emission  spectra  not  In 
the  agonist/antagonist  site.  Fig.  12  shows  no  difference  of  decldlum  bound  to 
either  of  the  two  types  of  binding  sites. 


Prior!  to  performing  any  energy  transfer  studies  with  decldlum  and  FITC- 
toxln,  the  spectral  relatlonrhlp  for  energy  transfer  between  [FITC-lys-231- 
toxln  as  donor  and  decldlum  as  acceptor  had  to  be  determined.  This  relation¬ 
ship  1(s  shown  In  Fig.  11.  The  spectral  overlap  Integral  Is  2.49  x  10 
cm  .M r  .  Assuming  a  standard  refractive  Index  for  proteins  0*  1.4  and  an 


orientation  factor  (k*)  of  0.67,  the  distance  at  which  energy  transfer  would  § 

be  50*  is  30  A.  1 


Energy  Transfer  Between  f ITC-toxIn  and  Decldlum.  To  exaailne  the  distance 
between  the  two  agonist  sites  on  the  Individual  receptor  eolecules,  we  as¬ 
sessed  dipolar  fluorescence  energy  transfer  between  FITC-toxIn  and  decldlum 
bound  to  the  agonist  sites  on  the  receptor.  Doubly  llganded  receptors  were 
prepared  to  achieve  the  fractional  occupation  described  under  * Experl mental 
Procedures."  Saturating  concentrations  of  POP  were  added  to  prevent  decldlum 
binding  to  the  noncompetitive  inhibitor  site.  The  spectral  overlap  Integral 
bet^gen  {jlTC, emission  and  decldlum  excitation,  J,  was  calculated  to  be  2.40  x 
10“  cm  .M~  (cf.  Fig.  13  and  data  not  shown).  Assuming  a  refractive  Index 
of  1.4  and  an  orientation  factor  (*  )  of  0.67,  R0  was  calculated  to  be  30  A. 

Various  factors  render  quantitation  of  steady-state  energy  transfer 
between  FITC-toxIn  and  decldlum  uound  to  the  AChR  difficult.  These  factors 
Include  the  significant  overtap  of  decldlum  and  FITC  emission  spectra  and  the 
Inner  filter  effects  of  decldlum  at  the  FITC  absorption  maxima.  Since  fluor¬ 
escence  lifetimes  are  unaffected  by  Inner  filter  effects  and  since  an  appro¬ 
priate  combination  of  Interference  filters  could  be  chosen  which  reduces  the 
contribution  of  decldlum  fluorescence  to  less  than  5*  of  the  FITC  fluorescence 
signal,  we  have  chosen  to  determine  energy  transfer  as  the  extent  of  reduction 
of  donor  FITC  Fluorescence  lifetime  (Equation  15)  In  the  presence  of  the 
acceptor  decldlum.  The  results  of  studies  on  membrane-associated  and  deter¬ 
gent-solubilized  receptor  preparations  are  presented  In  Table  II.  In  the 
absence  of  added  decldlum  and  with  15*  occupancy  by  FITC-toxIn,  the  exponen¬ 
tial  decay  of  FITC-toxIn  fluorescence  was  satisfactorily  described  by  a  single 
fluorescence  lifetime  (t  -  3.9  ns).  When  decldlum  was  added  to  saturate  the 
remaining  agonist  sites,  a  16*  decrease  was  observed  In  the  fluorescence 
lifetime  of  FITC-toxIn  bound  to  the  membrane-associated  AChR.  This  quenching 
was  not  altered  by  the  further  addition  of  native  a-toxln  and  was  abolished  by 
solubilizing  the  receptor  with  cholate.  Taken  together,  the  reduction  In 
FITC-toxIn  fluorescence  lifetime  does  not  stem  from  decldlum  at  the  agonist 
site  or  nonspeclflcally  associated  with  the  receptor  molecule  but  reflects 
energy  transfer  between  FITC-toxIn  bound  to  the  agonist  site  and  decldlum 
partitioned  nonspeclflcally  Into  the  lipid  bllayer.  If  we  assume  a  detection 
limit  of  5*  transfer  between  agonist  sites,  then  Equation  12  predicts  a 
minimum  separation  between  fluorophores  at  the  agonist  sites  of  i.63  x  RQ  or 
49  A.  Hence,  the  greater  than  49  A  separation  between  the  agonist  sites  Is 
too  distant  to  produce  the  reduction  In  lifetime  of  FITC-labeled  toxin  In  the 
presence  of  decldlum.  The  minimal  but  measurable  excitation  transfer  effi¬ 
ciency  Indicates  that  at  high  concentrations  decldlum  can  partition  Into  the 
membrane. 
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Olscusslon 

The  dynamics  of  the  nicotinic  AChR  function  have  been  extensively  studied 
from  several  perspectives  (2.3).  Within  the  tlaescale  In  which  our  studies 
are  conducted,  the  AChR  can  be  thought  to  exist  In  equilibria  between  at 
least  three  types  of  states:  resting  (R),  activated  (R*),  and  desensitized 
(R‘).  Additional  transient  desensitized  states  have  been  shown  to  exist  but 
after  equlllbrlua  exposure  a  single  desensitized  state  Is  presuaed  to  predo- 
alnate. 


Changes  In  the  population  distribution  of  receptor  aolecules  between 
these  states  govern  the  functional  and  binding  properties  of  the  receptor.  In 
the  absence  of  agonist  (L)  or  noncoapetltlve  Inhibitor  (A),  the  receptor 
extsts  predominantly  In  the  actlvatable  state  (RR),  exhibiting  a  comparatively 
low  agonist  affinity.  Agonists  bind  to  receptor,  activate  the  cation  channel, 
and  concoaltantly  but  aore  slowly  convert  the  receptor  to  a  desensitized 
state.  The  desensitized  states  display  higher  agonist  binding  affinity  and  no 
receptor-mediated  cation  permeability.  The  preference  of  a  ligand  for  binding 
to  the  desensitized  receptor  Is  the  driving  force  underlying  desensltlza- 
tlon. 

Agents  which  perturb  receptor  functlqnal  responses  may  do  so  by  competi¬ 
tive  or  noncompetitive  mechanisms.  Classical  antagonists  Inhibit  agonist- 
stimulated  cation  fluxes  by  direct  competition  at  the  agonist-binding  sites 
(26|,  exhibit  little  or  no  preference  for  the  R'R'  relative  to  RR  states  and 
do  net  effect  transitions  to  the  active  state  |28).  A  large  and  heterogeneous 
class  of  Inhibitors  noncompetltlvely  inhibit  channel  opening  by  agonists. 
Most,  but  not  all,  of  these  noncompetitive  Inhibitors  enhance  the  conversion 
of  receptor  to  a  desensitized  state.  Typical  of  such  agents  are  the  local 
anesthetics,  general  anesthetics,  PCPe  and  certain  toxins  such  as  hlstrlonl- 
cotoxln.  Certain  antagonists  competitively  Inhibit  agonist  activation  and  In 
addition  convert  the  receptor  to  a  desensitized  state.  Classical  pharmacolo- 
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glc  studies  distinguish  these  agents  as  netaphlllc  antagonists  [581.  Meta- 
phlllc  antagonists  exhibit  higher  affinity  for  the  desensitized  state  of  the 
receptor  and  therefore  show  a  greater  capacity  to  block  the  permeability 
response  after  exposure  to  carbachol.  The  actions  of  decldlum  are  consistent 
with  It  exhibiting  metaphlllc  properties.  Decldlum  exhibits  nixed  competitive 
and  noncompetitive  Inhibition  of  agonist -stimulated  Ha+  influx  (Fig.  9). 
Equilibrium  exposure  of  the  receptor  to  decldlun  converts  the  receptor  to  a 
state  exhibiting  Increased  decldlum  binding  affinity  (Fig.  10).  Decldlum 
binding  to  the  agonist  site  enhances  (  HlPCP  binding  to  an  allosterlcally 
^qupled  noncompetitive  site  (Fig.  86).  Decldlum  by  Itself  does  not  stimulate 
‘Na+  Influx  In  8C3H-1  cells,  so  It  Is  not  a  partial  agonist.  Hence,  these 
results  Indicate  that  upon  occupation  of  the  agonist  sites  decldlum  converts 
the  AChR  to  a  functional V  blocked  state  toward  which  agonists  and  noncompe¬ 
titive  Inhibitors  display  a  higher  affinity.  In  addition  to  Its  functional 
antagonism,  and  ability  to  convert  the  receptor  to  a  high  affinity  state  by 
occupying  the  agonist  sites,  decldlum  at  higher  concentrations  binds  directly 
to  the  PCP -binding  site  (Fig.  10B). 

Fluorescence  characterization  of  decldlum  bound  to  the  two  classes  of 
binding  sites  Indicates  significant  shifts  In  both  the  excitation  and  emission 
spectra,  which  are  consistent  with  an  environment  of  greater  hydrophoblclty 
upon  binding  to  the  AChR.  A  red-shift  In  the  excitation  spectrum  of  far 
greater  magnitude  Is  associated  with  decldlum  binding  to  the  noncompetitive 
site  (-50  nm)  than  to  the  agonist  sites  (-10  nm).  This  suggests  that  the 
noncompetitive  site  for  PCP  Is  more  hydrophobic  than  the  agonist-binding 

sites,  l.e.  In  a  domain  less  susceptible  to  solvent  proton  transfer  from  the 
excited  singlet  state. 

In  a  previous  study  of  the  Interaction  of  ethldlum  with  the  AChR,  we 
observed  that  this  phenylphenanthrldlum  ligand  binds  selectively  to  the 

noncompetitive  Inhibitor  site  for  PCP,  particularly  when  the  receptor  Is  In  a 

desensitized  state  (Kd  -0.4  gM)  [621 .  Like  decidlun,  ethldlum  displays  a 

large  red-shift  In  the  excitation  (-47  nm)  and  a  blue-shift  In  the  emission 
(-35  nm)  maxima  upon  binding  to  the  noncompetitive  innlbltor  site  for  PCP. 
These  results  also  show  that  a  portion  of  the  binding  domain  of  the  noncompe¬ 
titive  site  Is  particularly  hydrophobic.  Furthermore,  addition  of  a  second 
quaternary  group  separated  by  10  methylene  groups  dramatically  changes  the 
relative  binding  selectivity  of  these  phenylphenanthrldlum  congeners  for  the 
two  respective  sites. 

Fluorescence  titrations  confirm  that  functional  antagonism  by  low  con¬ 
centrations  of  decldlum  occurs  via  occupation  of  the  agonist  site  and  that 
decldlum  binds  nonequlvalently  to  the  two  agonist  sites  on  the  receptor 
oligomer,  although  the  degree  of  nonequivalence  is  small  relative  to  antago¬ 
nists  such  as  pancuronium  or  dlmethyl-d-tubocurarine.  Studies  on  reversible 
[26,28,531  and  site-directed  Irreversible  antagonists  [631  also  show  nonequi¬ 
valence  of  the  sites.  Despite  the  identity  In  the  sequence  of  the  a  subunits 
[141  differential  post-translational  glycosylatlon  has  been  reported.  Thus, 
either  the  differential  glycosylatlon  or  the  lack  of  Identity  of  subunits 
neighboring  the  a-subunlt  could  be  responsible  for  the  nonequivalence  in 
binding  sites. 

To  measure  distances  between  the  two  agonist  sites  on  the  receptor,  we 
estimated  the  efficiency  of  excitation  energy  transfer  between  a  slowly 
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reversible  a-toxln  end  a  highly  reversible  ligand,  decldlua.  We  observed  no 
energy  transfer  between  the  FITC-toxIn  and  the  decldlua  when  each  Is  bound  to 
one  of  the  two  agonist  sites  on  doubly  Uganded  receptors.  Previous  studies 
using  a  hybrid  receptor-fluo-escent-a-toxln  coaplex,  where  FITC-toxIn  Is  on 
one  of  the  subunits  and  tetriaethylrhodaalne-toxln  occupies  the  other  subunit, 
exhibit  Intersubunit  and  Interreceptor  transfer  In  the  aeabrane-assoclated 
receptor  and  Intersubunit  transfer  In  the  solubilized  receptor.  Intersubunit 
excitation  transfer  aeasureaents  afforded  a  distance  of  67  A  (range  55-85  A) 
between  the  fluorophores  conjugated  to  lysine  23  of  the  a-toxln,  consistent 
with  location  of  these  lysine  23-con jugated  fluorophores  at  the  outer  perime¬ 
ter  of  the  85-90  A  dlaaeter  receptor  Molecule.  However,  Interpretation  of 
these  data  was  Halted  by  uncertainty  In.  the  location  of  the  fluorophore 
relative  to  the  orientation  of  bound  a-toxln  nolecule.  Although  the  a-carbon 
of  lysine  23  Is  no  aore  than  19  A  away  froa  any  other  a-carbon  In  the  a-toxln, 
the  a-toxln  aolecule  Is  an  asymetrlc,  peptide  (H.  ■  7820)  with  dlaenslons  of 
20  x  30  x  40  A.  The  absence  of  energy  transfer  between  lysine  23-FITC-toxln 
and  decldlua  In  the  present  study  conflras  our  previous  estlaate  of  the 
Intersite  distance  Measured  between  fluorophores  conjugated  at  lysine  23  on 
the  two  a-toxln  Molecules.  With  a  critical  transfer  distance  of  30  A  for 
fluorescein  to  decldlua,  5X  transfer  of  energy  will  occur  at  49  A.  This  value 
Is  significantly  less  than  the  67  A  measured  between  fluorophores  for  the  two 
fluorescent  a-toxlns.  If  the  agonist  sites  where  decldlua  binds  are  located 
on  the  extracellular  surface  near  the  pseudo-axis  of  symmetry,  then  energy 
transfer  should  have  been  observed.  The  absence  of  detectable  energy  transfer 
conf »ras  our  previous  suggestion  that  the  agonist  sites  reside  at  a  distance 
from  rather  than  near  the  pseudo-axis  of  symmetry  of  the  receptor.  Our 
findings  are  consistent  with  previous  suggestions  that  the  central  loop  of  the 
a-toxln,  which  contains  lysine  23,  overlies  the  agonist  site.  Thus,  energy 
transfer  studies  with  decldlua  have  allowed  us  to  place  further  constraints  on 
ttie  location  of  the  agonist  sites  when  ligands  are  associated  with  the  recep¬ 
tor. 

While  no  site-specific  energy  transfer  was  detected  between  the  decldlua 
and  FITC-toxIn  specifically  bound  to  the  agonist  sites,  alnlaal  dipolar 
transfer  efficiency  (16X)  can  be  detected  between  FITC-toxIn  and  decldlua 
associated  nonspeclflcally  with  the  lipid  or  the  receptor  aolecule.  Decldlua 
has  sufficient  hydrophoblclty  to  partition  into  the  lipid  bl layer.  Since  we 
also  found  no  energy  transfer  with  the  solubilized  receptor,  the  membrane 
itself  Is  the  likely  site  of  nonspecific  decldlum  association.  Due  to  uncer¬ 
tainty  In  the  donor-acceptor  stoichiometry,  precise  estimates  of  distance 
between  the  agonist  site  and  lipid  bl layer  cannot  be  obtained.  Nevertheless, 
our  results  suggest  proximity  of  the  agonist-binding  sites  to  the  lipid 
bl layer,  which  Is  consistent  with  the  recent  finding  of  the  Cys-192  and  Cys- 
193  are  proximal  to  both  the  acetylcholine-binding  site  and  the  beginning  of 
the  proposed  Ml  membrane  spanning  hydrophobic  region  (Ile-210)  of  the  a 
subunit. 
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F|^s  7.  Concentration-dependent  dec1d1um2 Inhibition  of  Initial  rates  of  cobra 
l  Il-a-toxln  and  carbachol -stimulated  Na+  Influx  In  Torpedo  membranes  and 
BC3H-1  cells.  Initial  rates  of  o-toxln  binding  to  AChft  In  Torpedo  membrane 
fragments  (A)  or  monolayer  BC3H-1  cultures  (8)  were  measured  In  the  presence 
of  the  Indicated  decldlum  concentration.  Data  were  normalized  to  the  rate  of 
a-toxln  binding  the  absence  of  decldlum.  Initial  rates  of  carbachol- 
stlmulated  Na  Influx  were  measured  In  BC3H-1  cells  (C)  In  the  presence  of 
60  iiM  carbachol  plus  the  Indicated  decldlum  concentrations.  Data  were  nor¬ 
malized  to  the  rate  of  <*-tax1n  binding  In  the  absence  of  decldlum.  Initial 
rates  of  carbachol-stlmulated  Na+  Influx  were  measured  In  BC3H-L  cells  (C) 
In  the  presence  of  60  uM  carbachol  plus  the  Indicated  decldlum  concentrations 
as  described^ 21n  Experimental  Procedures  Data  were  normalized  to  the  agonist- 
stimulated  Na  Influx  observed  In  the  absence  of  decldlum.  Experinwntal 
determinations  were  routinely  made  In  duplicate.  #-•,  Equilibrium  exposure  to 
buffer  containing  the  Indicated  decldlum  concentrations  followed  by  Initial 
rate  measurements  In  the  presence  of  decldlum  plus  carbachol.  o-o.  Equili¬ 
brium  exposure  to  buffer  alone  followed  by  initial  rate  measurements  In  the 
presence  of  the  Indicated  decldlum  concentrations. 
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Fig.  8.  Antagonist  Inhibition  of  concentration-dependent  carbachol  activation 
of  receptor  permeability  response  In  BC3H-1  cell^  Sets  of  cultures  were 
equilibrated  with  physiological  buffer;  then  the  Na  permeability  response 
was  measured  In  response  to  the  specified  concentrations  of  carbachol  plus 
antagonist  over  a  20  s  Interval.  Results  are  expressed  as  percent  of  the 
maximum  rate  In  the  absence  of  antagonist.  (A\  Decldlum:  ■-■..no  added 
decldlum;  00,  10;  AA,  3  x  10"  M;  o-o,  10"s  M;  □  ,  3  x  10*'  M.  (B) 

Dlnapthyldecamethonljjm:  ■-■  ,  no  added  dlnapthyldecamethonlum;  00,  6  x 

10*  M;  AA.  3  x  10  M;  o-o,,  10“  M.  (Cl  d-Tubocurarlne:  ■-■  ,  no  added 
d-tubocurarlne;  0-0  3  x  10*  M;  AA.  10"  M;  o-o,  6  x  10"  M. 
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Fig.  9.  Decldlum  and( j^pro&dlfen  enhancement  of  carbachol  competition  with 
the  Initial  rate  of  I  I|-a-tox1n  binding  to  AChR  In  Torpedo  membranes  and 
BC3H-1  cells.  Decldlum  and  meproadlfen  In  the  specified  concentrations  are 
added  30  min  prior  to  Initiating  the  toxin-binding  reaction.  Carbachol  Is 
added  either  10  or  30  min  prior  to  addition  of  a-toxln.  Initial  rates  of 
toxin  binding  are  measurea  for  the  first  40  min  of  the  reaction  as  a  percent 
of  the  rate  observed  In  the  absence  of  carbachol.  decldlum,  or  meproadlfen. 
o-o.  Rate  of  binding  measured  with  10  s  of  prior  exposure  to  agonist; 
rate  of  binding  with  30  min  of  prior  exposure  to  agonist;  ■-■  ,  rate  of 
binding  with  exposure  only  to  decldlum  or  meproadlfen.  (A)  decldlum,  Torpedo 
membranes:  The  test  carbachol  concentration  was  1  uM.  (B)  Decldlum,  BC3H-1 
cells:  The  test  carbachol  concentration  was  30  t»M.  (C)  Meproadlfen,  Torpedo 
membranes:  The  test  carbachol  concentration  was  1  mM,  as  In  panel  A. 


38 


CONTROL  [3H] -ACh  BOUND 


REL.  FLUORESCENCE 


WAVELENGTH  <nm> 


i 


fig.  11.  Corrected-dlfference  excitation  spectra  of  decldlum  bound  to  the 
membrane- associated  AChR.  (-  -  -),  Difference  In  spectra  between  samples 
(AChR,  1  uM,  In  a-toxln  sites;  decldlum,  1  mM;  PCP,  t  uM)  In  the  absence  and 
presence  of  carbachol  (10  uK).  ( — ),  Difference  In  spectra  between  samples 
(AChR,  1  uM,  In  a-toxln  sites;  decldlum,  1  mM;  carbachol,  10  wH)  In  the 
absence  and  presence  of  PCP. 
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Fig.  12.  Corrected-dlfference  Mission  spectra  of  the  decldlua  bound  to  the 
meabrane-assoclated  ACh k.  (-  -  -) ,  Difference  In  spectra  between  saaples 
(acetylcholine,  1  Ji,  In  toxin  sites;  decldlua,  1  uM;  PCP,  1  »M)  In  the 

absence  and  presence  of  carbachol  (1  uM).  ( - ),  Difference  In  spectra 

between  saaples  (acetylcholine,  1  wM)  In  toxin  sites;  decldlua,  1  UM;  carba¬ 
chol  (10  aM)  In  the  absence  and  presence  of  PCP. 
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Fig.  13.  Relationship  between  spectra  of  donor  FITC-toxIn  and  acceptor 
decldluai  energy  transfer  pair.  The  absorption  spectra  of  donpr  (- — )  and 
acceptor  («.M)  are  presented  as  extinction  coefficients  (M“  .ae"  ).  The 
emission  (corrected)  of  donor  (****)  and  acceptor  (uncorrected)  (-  -  -)  bound 
to  the  aeabr ana- associated  AChR  are  presented  In  arbitrary  Intensity  units  and 
are  *iC?  shown  In  proportion  to  the  relative  quantum  yield.  All  spectra  were 
Measured  in  100  aM  NaCI,  10  sodlue  phosphate  at  pH  7.4. 
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SECTION  III 


PROGRESS  REPORT  ON  EFFORTS  TO  SITE-SPECIFICALLY  LABEL 
COBRA  a-TOXIN  WITH  FITC,  EITC,  AND  TRITC 


One  of  our  major  goals  IS  to  develop  a  'library*  of  slte-speclfically 

labeled  a-toxlns  with  which  to  examine  the  spatial  relations  between  drug 

binding  sites  on  the  surface  of  the  AChR  by  utilization  of  fluorescence  energy 
transfer  and  quenching  techniques.  Specifically,  we  want  to  prepare  at  least 
three  slte-speclfically  labeled  FITC  conjugates  and  either  three  EITC  or  TRITC 
conjugates.  We  need  only  EITC  or  TRITC  conjugates,  because  they  are  both 
excellent  FITC  energy  acceptors.  What  follows  summarizes  the  progress  that  we 
have  made  on  the  preparation  of  FITC,  EITC  and  TRITC  conjugates. 

FITC  Conjugates.  We  have  Isolated  and  characterized  an  FITC-N*-lys1ne- 
23-a -toxin,  using  classical  CM-52  Ion  exchange  chromatography  (43|.  The  FITC- 
lyslne-23  conjugate  was  prepared  by  reacting  stoichiometric  amounts  of  FITC 
with  a-toxln,  conjugated  FITC-toxIns  were  Isolated  with  gel  filtration  chro¬ 
matography,  and  the  various  conjugates  were  partially  resolved  with  CM-52 

chromatography.  The  elution  profile  of  a  CM-52  column  Is  shown  In  Fig.  14. 

The  major  monoconjugate  elutes  In  Peak  4.  Column  Isoelectric  focusing  of  Peak 
4  Indicates  two  components  with  Isoelectric  points  oP  9.5  and  9.3  (Fig.  14, 
left  Inset).  The  yield  of  9.5  component  was  high  enough  to  allow  determina¬ 
tion  of  the  site  of  labeling,  l.e.,  lysine  23.  The  other  apparent  monocon¬ 
jugates  elute  In  peaks  5  and  6.  Further  purification  of  these  peaks  with 
column  Isoelectric  focusing  gave  yields  too  low  to  allow  site  determination 
using  the  above  procedures. 

Alternative  procedures  have  been  and  are  being  utilized  to  enhance  the 
yields  and  purity  of  conjugates  with  the  FITC  attached  to  sites  other  than  the 
lysine  23.  One  approach  was  to  perform  the  conjugation  reaction  In  8  M 
guanidine  HC1  In  order  partially  to  denature  and  expose  additional  reactive 
sites  on  the  surface  of  the  a-toxln.  This  approach  failed  because  of  an 
overall  decrease  In  reactivity  of  FITC  In  the  presence  of  guanidine  HC1. 
Another  approach  Involved  the  use  of  BIO-REX  70  Ion  exchange  chromatography, 
which  has  been  shown  to  resolve  blotlnyl  toxin  derivatives  |64{.  Unfortu¬ 
nately,  FITC  Is  very  hydrophobic  compared  to  biotin  and,  consequently,  FITC- 
toxln  derivatives  bind  almost  Irreversibly  to  the  hydrophobic  matrix  of  the 
resin.  Most  recently,  we  have  started  to  use  cltraconlc  anhydride  to  rever¬ 
sibly  modify  the  highly  reactive  primary  amino  groups  In  the  toxin  so  that  the 
less  reactive  groups  can  be  conjugated  with  FITC.  The  basic  cltraconlc 
anhydride  reaction  Is  shown  In  Fig.  15.  The  cltraconlc  anhydride  reacts  with 
primary  amino  groups,  leaving  a  moiety  with  a  free  carboxylate.  (The  free 
carboxylate  would  be  expected  to  decrease  the  Isoelectric  point  of  the  pep¬ 
tide.)  Following  the  cltraconlc  anhydride  reaction,  FITC  Is  allowed  to  react 
with  the  a-toxln,  and  the  cltraconlc  anhydride  Is  removed  with  strong  acid. 

Fig.  16  shows  that  we  can  modify  the  toxin  with  cltraconlc  anhydride,  a- 
toxln  was  Incubated  with  various  concentrations  of  cltraconlc  anhydride  and 
the  reaction  products  were  resolved  with  Serve  polyacrylamide  Isoelectric 
focusing  plates.  Native  a-toxln  focuses  with  any  isoelectric  point  of  about 
10. 1  with  the  Surva  plates.  Cltraconlc  anhydride  conjugation  shifts  the 
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Isoelectric  focuslngs  to  e  variety  of  lower  pH  values,  suggestive  of  the 
forMtlon  of  Miltlple  conjugates. 

Fig.  17  shows  the  effect  of  Increasing  concentrations  of  FITC  on  the 
formation  of  FITC-toxIn  conjugates.  As  the  molar  fraction  of  FITC  to  a-toxln 
Increased,  so  did  the  nueber  of  conjugates  with  lower  Isoelectric  points. 
PresuMbly,  as  the  positively  qharged  toxin-amino  groups  are  conjugated  with 
the  negatively  charged  FITC  molecules,  sore  derivatives  are  resolved  with 
lower  Isoelectric  points.  Motk>-FITC  conjugates  should  focus  with  focusing 
points  greater  than  7.  We  resolved  only  one  broad  band  with  a  focusing  point 
of  about  &3.  The  elution  profjlle  of  coluan  Isoelectric-focused  (pH  range  8- 
10)  aliquot  of  the  sample  run  Ijn  lane  #2  (Fig.  17)  Is  show  In  the  right  panel 
of  Fig.  16.  What  appeared  asja  single  broad  band  at  pH  8.3  with  the  Serve 
plates  (pH  from  3  to  10)  partially  resolves  Into  two  bands  -.ith  focusing 
points  of  about  9.3  and  9.0.  While  the  9.3  band  probably  represents  a  single 
monoconjugate,  the  9.0  band  Includes  at  least  three  closely  focused  bands. 
The  appearance  of  these  bands  prior  to  draining  the  Isoelectric  focusing 
coluan  1$  shown  In  Fig.  19. 

(The  differences  In  Isoelectric  focusing  values  Indicated  by  the  Serve 
plates  and  coluan  Isoelectric  focusing  are  repeatable  and  probably  reflect  the 
Interactions  of  the  two  types  of  supports,  polyacrylaalde  vs.  sucrose,  with 
the  peptides.) 

8ecause  the  band  that  focused  at  9.3  did  not  focus  at  the  saae  point 
(9.5)  as  FITC-lyslne-23-toxln,  prepared  without  cltraconlc  anhydride  modlfl- 
catlon,  we  Initially  thought  that  we  had  a  partially  Isolated  new  monoconju- 
gate.  However,  sequencing  of  the  9.3  band  after  coluan  refocusing  Indicated 
that  the  FITC  was  attached  to  lysine  23.  The  CM-52  coluan  appears  to  aodlfy 
the  FITC-lyslne-23-a-toxln  slightly  to  produce  a  shift  In  the  focusing  point, 
since  we  observed  that  coluan  focusing  noncltraconlc-anhydrlde-aodlfled  a- 
toxln  generated  the  aajor  eonoconjugated  FITC-toxIn  with  a  focusing  point  of 
9.3. 

In  summary,  we  have  not  yet  Isolated  significant  quantities  of  FITC 
derivatives  conjugated  at  sites  other  than  lysine  23.  We  have  just  started 
utilizing  a  new  very  high  resolution  Isoelectric  focusing  technique  developed 
by  LK8  called  Immoblllne.  With  this  technique  It  should  be  possible  to  sepa¬ 
rate  peptides  with  focusing  points  that  differ  by  a  few  hundredths  of  a  pH 
unit.  I  aa  optlalstlc  that  this  technique  will  allow  the  Isolation  of  at 
least  two  new  FITC  conjugates. 

EITC  Conjugates,  notwithstanding  the  high  relative  purity  of  commercial 
EITC  In  conjugating  EITC  to  a-toxln,  soae  labeling  appears  to  have  taken 
place,  based  both  on  the  partial  resolution  of  EITC-toxIn  reaction  fixtures  on 
Serva  Isoelectric  focusing  platfes  (Fig.  21)  and  on  the  elution  profile  from  a 
CM-52  column.  The  major  protein  peak  at  about  fraction  100  of  the  CM-5? 
column  (Fig.  20),  where  one  would  anticipate  at  monoronjugate  to  elute, 
contained  no  components  with  focusing  points  greater  than  6  (Inset,  Fig. 
20).  This  suggests  that  the  EIITC  (peak  absorbance  at  520  nm)  nonspeclf Ically 
partitioned  Into  hydrophobic  rdglons  of  the  a-toxln.  The  column  Isoelectric 
focusing,  which  Is  usually  the  best  means  to  dislodge  noncovalently  associated 
molecules  from  the  a-toxln,  separated  all  the  EITC  from  the  native  a-toxln. 
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Fig.  IS.  Reaction  scheae  for  cltraconlc  anhydride  acdlf Icatlon 
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Fig.  16.  Serva  polyacrylamide  Isoelectric  focusing  of  cltraconlc-anhydrlde- 
modlfled  a-toxln.  Lanes  1  and  8,  protein  standards.  Lanes  2  and  7,  native  a- 
toxln.  Lanes  3-6,  Increasing  molar  ratio  of  cltraconlc  anhydride  to  o-toxln, 
3,  10,  20  and  30. 
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Fig.  17.  Serva  polyacrylamide  Isoelectric  focusing  of  reaction  mixtures  of 
FITC  and  cltraconlc-anhydrlds-modlfled  o-toxln.  Lanes  0  and  7,  protein 
standards.  Lanes  1  and  6.  native  a-toxln.  Lanes  2  to  5,  Increasing  molar 
ratio  of  FITC  to  a-toxln,  l.S,  3,  6  and  9. 


Fig.  18.  IEF  elution  profile  of  the  unmodified  (left  panel)  and  modified 
(right  panel)  FITC-toxIn  on  an  LKB  100  ml  column. 
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Fig.  19.  Appearance  of  FITC-toxIn  reaction  alxture  on  IEF  coluan 
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profile  of  EITC-labeled  toxin:  Isoelectric 
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Fig.  21.  Serve  polyacrylamide  Isoelectric  focusing  resolution  of  the  reaction 
mixture  of  EITC  and  o-toxln  (2  to  1  mole  ratio).  Lanes  1  and  8,  protein 
standards.  Lanes  2  and  7,  native  a-toxln.  Lanes  3  to  6,  EITC  o-toxln  reac¬ 
tion  mixture. 
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Fig.  22.  Appearance  of  TRITC-toxIn  on  column  (viewed  with  mineral  lamp). 
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LIST  OF  ABBREVIATIONS 


ACh  Acetylcholine 

AChR  Nicotinic  Acetylcholine  Receptor 

a-toxln  Cobra  a>tox1n  (sjagensls  3) 

FITC  Fluorescein  Isothlocyanati 

EITC  Erythrosln  Isothllocyanate 

TRITC  Tetraaethylrhodaalne  Isothiocyanate 

IEF  Isoelectric  Focusing 

PCP  Phencyclidine 

pi  Isoelectric  focusing  point 

NBO  7-n1trobenzo-2-oxa-l,3-d1a2ole 
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